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"...A ty mor ho! — hoj mor ho! detvo môjho rodu,  
kto kradmou rukou siahne na tvoju slobodu;  
a čo i tam dušu dáš v tom boji divokom:  
Mor ty len, a voľ nebyť, ako byť otrokom..." 
~Samo Chalupka: Mor ho! 
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Abstract 
 
Population growth, fossil fuel depletion and global warming have led to a focus on 
producing renewable and sustainable biofuels for motor vehicles. Australia’s limited fossil 
fuel reserves also present a national security problem. Moreover, heavy reliance on fossil 
fuels has brought a diversity of environmental and health problems. Biomass is an important 
energy resource for producing bioenergy and growing the global economy whilst minimising 
greenhouse gas emissions.  
 
First generation feedstocks using edible biomass, such as sugars, crops and vegetable 
oils grown on arable land, opened the food vs fuel debate in recent years. This initiated an 
interest for 2nd generation feedstocks, which would be able to greatly extend production of 
renewable energy. This includes non-edible or purpose-grown biomass using arable or 
marginal land as well as residues, left behind on the field. To secure global biofuel demand 
3rd generation feedstocks, derived from aquatic organisms (such as microalgae) using non-
arable land, such as algae, are gaining interest as a viable alternative energy source. 
However, the wet character and broad diversity of 2nd and 3rd generation feedstocks are the 
major challenges for conversion processes, such that these processes would be 
technologically and economically feasible. Thermochemical liquefaction (sometimes 
referred to as just “liquefaction”) is a highly promising path to decompose any type of wet 
biomass into liquid fuels.  
 
The regional availability for 2nd generation (waste lignocellulosic material) and 
3rd generation feedstocks (microalgae) was explored in a modelling study, using Australia as 
a case study. A database of detailed information of biomass from various industries was 
collected and the most appropriate location for each feedstock was mapped in detail, taking 
into consideration current land use and and non-arable wastelands. For regions with 
existing agriculture and forestry, 2nd generation biofuels appeared to be a more attractive 
option than microalgae, based on the opportunity costs of resource reallocation. Second 
generation biofuels feedstocks had the best opportunities where there are already areas of 
arable land and suitable climatic conditions. For Australia, this is particularly true in New 
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South Wales, Queensland and Victoria (NSW, Qld and Vic). Microalgae regions showed to be 
those that are coastal, warmer, and non-arable, as these regions are less likely to have 
access to input requirements whilst not competing with existing biomass industries (such as 
the Northern territory and Western Australia).  
 
The first study led to the selection and comparison of Australian biomass from 2nd and 
3rd generation feedstocks. High pressure thermochemical liquefaction was explored for 
converting those feedstocks into bio-crude oil. A widespread freshwater microalga 
Scenedesmus sp. and potential sugarcane bagasse waste were liquefied under various 
reaction conditions to optimise the conversion rate. Microalgae liquefaction depended 
more on reaction temperature changes from 280 to 350 °C while slurry concentration (15%-
30 wt.%.) showed just slight changes in products distribution. Importantly, the influence of 
two solvents were used (polar: dichloromethane and non-polar: n-hexane) to recover bio-
crude oil. This revealed a strong influence of solvents selection on the quantity and chemical 
composition of the bio-crude oil. The main objective of sugarcane bagasse liquefaction was 
to examine the renewable mono-solvents (ethanol, black liquor-BL a by-product of paper 
production) and co-solvents (ethanol/water, ethanol/black liquor) of various concentrations 
(5, 50 and 95 wt.%) in different reaction conditions. The study demonstrated the great 
effect of BL that provided additional organics, which were converted into bio-crude oil 
during liquefaction, and its alkaline character can be also considered as a catalyst. 
Quantitatively, the bio-crude oil yield reached the maximum of 61% at 300 °C with pure BL 
for bagasse whereas only 33.6% was produced with algae at 350 °C and 25% solids. However 
the HHVs were slightly higher in algae (~29 MJ/kg) than bagasse (~26 MJ/kg) bio-crude oils 
that is still much lower that diesel (44 MJ/kg). The chemical composition of the bio-crude 
oils was significantly different; algae bio-crude oil consisted mostly of nitrogenated 
compounds and ketones while phenols and alcohols were predominant in bagasse. The 
viscosity of microalgae bio-crude oil (~3.49 mm2.s-1) was more comparable to diesel than 
FAME biodiesel, whereas the density was slightly higher than FAME biodiesel. The 
conclusion showed that microalgae bio-crude oil properties are suitable for marine and 
heavy trucks applications although further processing to decrease nitrogenated and 
oxygenated compounds is desirable. Further additional upgrading of the process would be 
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also necessary to convert bagasse bio-crude oil into transport fuels due to high viscosity, 
density and oxygenated compounds. 
 
Although commercial liquefaction is likely to be economic at a significant scale, one of 
the advantages of liquefaction is that it is relatively feedstock independent. This allows 
multiple types of biomass to be used as part of the supply chain. The detailed chemical 
characterisation of bio-crude oils were examined for range of different feedstocks by 
supercritical liquefaction (in acetone); bagasse (Ba), banana bunch stem (BBS), pineapple 
tops (PT), Arundo donax (AD) and Forage sorghum (FS). To optimize the process conditions 
the liquefaction of Arundo donax was undertaken at various temperatures (250 °C- 350 °C) 
and biomass : solvent ratios (1:10 – 1:25). Furthermore, the effect of recycled solvent was 
examined to improve the energy efficiency. The bio-crude oil yield increased to 47.3 wt.% at 
350 °C and to 50.5 wt.% with a low 1:25 biomass to solvent ratio. Chemical energy 
conversion revealed the following rank for the feedstocks: BBS >FS >Ba >PT> AD. Recycling 
of acetone had a minor effect on bio-crude oil properties without any benefits Gas 
chromatography and mass spectroscopy (GCMS) gave insights of chemical composition 
distribution in bio-crude oils and identified compounds were mostly oxygenated compounds 
such as phenolics and ketones.  
 
The commercial production of the bio-crude oil via thermochemical liquefaction is in 
the precommercial stages. Eventually, it would be essential to understand of the 
degradation mechanisms of bio-crude oils with time to design appropriate storage 
conditions and preserve their quality, prolonging their lifespan. Previous comprehensive 
work on FAME biodiesels and pyrolysis bio-crude oils revealed viscosity rises when stored. 
The long-term stability experiment (24 weeks) investigated during candidature explored 
degradation of a commercial diesel as a reference, a waste cooking oil biodiesel (B100 and 
B20 blend) and pure bagasse bio-crude oil under three different storage environments. The 
storage locations set-up simulated extreme temperatures +43 °C, reflecting accelerating 
aging, and -4 °C. Furthermore, real outdoor weather conditions were also monitored to 
study various range of temperatures during the day. Physical properties such as HHV, 
density and surface tension as well as chemical properties (using GSMS and Fourier 
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Transform Infrared Spectroscopy; FTIR) were measured at regular intervals. This is the first 
comprehensive study investigating aging degradation of 2nd generation bio-crude oil 
produced by liquefaction under different storage conditions. The data analysis from this 
experiment is in the preparatory stage.  
 
In summary this work brought extended information into thermochemical liquefaction 
by using 1-3 orders of magnitude larger reactor than others research groups, which allowed 
detailed destructive analyses of all produced bio-crude oils. Overall, thermochemical 
liquefaction showed technical feasibility for implementing optimized condition for mixture 
of various lignocellulosic materials to bio-crude oil production. The physical properties (such 
as viscosity, density) of the produced bio-crude oil from 3rd generation feedstock were 
comparable with fossil fuel heavy oil. The gas chromatography and mass spectroscopy 
(GCMS) results showed the change in distribution and abundance of the compounds (mainly 
oxygenated) strongly depending on the temperature and type of biomass. Evaluation of 
thermochemical liquefaction process by assessing energy conversion efficiency, considering 
not only energy output (HHVs) but also energy input (energy required to heat the mixture to 
the reaction temperature), demonstrated the potential for large-scale production via 
liquefaction. 
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Chapter 1 
Introduction 
 
1.1 The investigated research problem 
According to scientific consensus, heavily produced greenhouse gases (GHGs) caused 
by anthropogenic (human) activities are a major contributor to global warming [1], although 
this is still disputed within the general perception [2]. In the next century world population 
is expected to surpass 10.9 billion [3], which will have an immense global environmental 
impact. The inextricable link between energy consumption and global warming has led to a 
focus on producing renewable and sustainable bioenergy.  
Bioenergy is exceptionally suitable as a form of renewable energy as it can be CO2 
neutral or negative, while reducing dependence on fossil fuels. Globally, only 10% of 
bioenergy is used towards energy supply and it is mostly found in cooking and heating, and 
biofuels provide roughly 3.5% of road transportation fuels [4]. It was predicted that biofuels 
supply will increase to 27% in 2050 [4]. In Australia, bioenergy counts for only 4% of primary 
energy consumption and biofuels share approximately 0.4% of renewable consumption of 
transportation fuels [5, 6]. Australia biofuels production (mostly from 1st generation 
feedstocks) was projected to be 330 million litres (ML) in 2015, consisting of 265 ML of 
ethanol and 65 ML of biodiesel [7].  
Importantly, any step towards revolutionising bioenergy in Australia should not 
contribute to global warming and environmental harm. Furthermore, Australia is still heavily 
dependent on importing crude oil and petroleum refined products (90% in 2014), which also 
risks its national security [8]. To ensure a secure supply of transport energy into the future, 
Australia must develop or retain its own oil refineries and generate alternative fuels from 
Australian sources. Geographically, Australia as a vast country has a great opportunity for 
developing and commercialising its own bioenergy. Australia must reduce its fixation on 
imported fossil fuels to reduce both global warming plus improve fuel security.  
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Biomass is an important component in the bioenergy supply chain and growing the 
global economy whilst minimising GHGs. Recently, first generation feedstocks using edible 
biomass (primarily grains, corn, oil seeds and so on) is in competition with food crops 
leading to increasing food prices globally [9, 10]. In particular farming expansion for fuel and 
food crops has come at the expense of ecosystem destruction via deforestation and loss of 
biodiversity [11]. Although Australia is a large country (7.6 million square kilometres [12]), it 
has limited arable land and so other solutions must be found.  
To overcome the major shortcomings of first generation feedstocks, second 
generation feedstocks (non-edible biomass such us bagasse, agro wastes and residues and 
so on) are gaining interest as a source of bioenergy. It is a new market for the agricultural 
and forestry sectors, as it will provide potential opportunities and support for rural and 
urban communities. If they embrace biofuels production, the sugar industry and other 
Australian agricultural industries will be less vulnerable to commodity prices and will boost 
their revenue stream. Nonetheless, increasing the amount of biomass for biofuels can cause 
possible disputes even with 2nd generation feedstocks.  
Consequently, bioenergy research is generating growing attention in the search for 
new sources of sustainable biomass which don’t require arable land- such as algae [13]. 
Algae have been promoted as a viable biomass for biofuel production based on its high yield 
(particularly lipids) per hectare. One of the main concerns in algal research is developing an 
economically and technologically feasible conversion process for wet biomass. However, a 
comprehensive assessment is essential to assess the sustainable the supply chain of biomass 
in each country in order to maximize waste management and resource recovery [14]. 
The critical challenges and barriers for converting biomass into biofuels relate to doing 
it in a cost effective and efficient way that would be possible to commercialise. One of the 
most promising technologies is thermochemical liquefaction (TCL), using high pressure (5-
24 MPa) and modest temperatures (250-400 °C) to decompose all kinds of biomass 
produced in modern society into bio-crude oils [15]. The main benefit of this 
environmentally -friendly process is accepting wet or moist biomasses, and it does not 
require expensive dewatering and drying processes. This is particularly useful for promising 
Australian feedstocks that are likely to be wet, moist or harder to dry, such as algae, banana 
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waste, sugarcane bagasse and so on. 1 In contrast to TCL (and other forms of liquefaction), 
pyrolysis is a similar thermochemical technology that operates under low pressures, high 
temperatures and in the absence of oxygen. However, the main problem of this well-studied 
conversion process is that it copes poorly with wet feedstock (less than 30%) [16]. For 
example, the moisture content of some lignocellulosic biomass is around 50-60% and algae 
contains more than 80% water. Some research groups are reporting work on liquefaction 
optimisation using small autoclaves or reactors, which are not reflective of real factory 
conditions which may cause different reaction pathways to those observed in laboratories. 
There is minimal research published relating to using larger scale systems. Research using a 
larger system allows more accurate data for the mass and energy balances necessary for 
developing bio-crude oil conversion infrastructure. The quantities produced in the course of 
the work described in this thesis are suitable for destructive tests (e.g. bomb calorimetry, 
viscosity) whereas existing literature describes indirect methods. This would also allow a 
trial investigation of engine performance and exhaust emissions. 
Bio-crude oils produced from TCL processing are significantly under-explored. Many 
research groups have focused on the optimization of the conversion process without giving 
definitive data about the detailed physical and chemical composition of the oils. In order to 
understand the impacts of the new fuels, it is important to analyze their composition and 
properties. A comprehensive physical and chemical characterization of the bio-crude oils is 
an important indicator with respect to effect to engine performance and the emissions 
profile. Furthermore, to overcome challenges related to energy independence, more 
information about the use of the alternative biofuels in diesel engines or other combustion 
systems (i.e. cargo engines) is necessary.  
For TCL bio-crude oils to be viable as an alternative fuel several key hurdles need to be 
overcome, especially degradation during aging which is important for storage and handling 
design. This is a particular problem with pyrolysis bio-crude oils, which are unstable during 
aging due to the decomposition of oxygenated compounds as well as the loss of volatiles 
                                                     
1
 The term, “thermal liquefaction” occurs under the same conditions as HTL but without water as the 
primary solvent- typically an organic solvent is used such as ethanol. “Thermochemical liquefaction” refers to 
the overarching classification of liquefaction processes that involve chemicals and high pressure at modest 
temperatures  
34 | P a g e  
 
[17]. These compositional variations led to changes mainly in physical properties such as 
viscosity that is crucial for many applications. TCL bio-crude oils have different chemical 
composition than bio-crudes produced by pyrolysis. Therefore it is important to evaluate 
the aging nature of TCL bio-crude oils. Up to date there are no studies investigating the 
stability of TCL bio-crude oils.  
 
1.2 Study aims 
The primary aim of this research was to investigate the effect of thermochemical 
liquefaction on 2nd and 3rd generation feedstocks in order to produce bio-crude oil at larger 
quantities and with sufficient quality. Several types of lignocellulosic sources from Australian 
biomass wastes and residues and the most common species of microalgae in Queensland 
was considered in this research for biomass to liquid conversion via thermochemical 
liquefaction processing. Different processing parameters (e.g. temperature, biomass/solvent 
ratio, solvents and so on) were explored to improve bio-crude oil quantity and quality, 
especially viscosity, aromatics and oxygenated compounds, HHV and so on, that are likely to 
be favorable for lowering emissions with satisfactory engine performance. Thermal 
liquefaction was conducted in a large scale 1.8 L Parr reactor; which is 1-3 orders of 
magnitude larger than similar work published in the field. 
The outcomes of this study are helpful for informing biodiesel production via heavy 
bio-crude oils from 2nd and 3rd generation feedstocks using the liquefaction process and 
their utilisation around the world in a more effective, healthier and sustainable way. Finally, 
the results of this study inform future scale-up of the technology. 
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1.3 Specific study objectives 
The specific objectives have been designed to fulfill the main aim of this project and 
were: 
1. Investigation and estimation of bioenergy feedstocks for second and third 
generation biofuel production in Australia’s regions. To undertake a comprehensive 
study of sustainability and determine sufficiency of lignocellulosic biomass residues 
and wastes, and the prospects for microalgae. 
2. Identification of the chemical and physical properties of bio-crude oils from selected 
Australian biomass and their suitability for producing TCL bio-crude oils. To attain 
the detailed ultimate and proximate analysis. The results give insight into 
decomposition pathways. 
3. Determination of suitable conditions for liquefaction to obtain high yields of bio-
crude oil. Understand the influence of reaction temperature, operational 
atmosphere, solvent/biomass ratio, solvent type and so on.  
4. Optimization of the separation of gas, solids and liquid products using different 
extraction solvents such as acetone, dichloromethane and n-hexane or modifying 
process steps. The main requirements were to improve the separation technique in 
order to increase the bio-crude oil product yield. 
5. Investigation of the physical and chemical properties of the bio-crude oil. To 
compare the measured physical properties with regular biodiesel from literature 
values. This objective provided considerable insight into the impact of controlled 
parameters on the quality of the produced bio-crude oil. 
6. Examination of the specific bio-crude oil degradation characteristics stored under 
diverse storage conditions in comparison with the diesel standard and fatty acid 
methyl ester (FAME) biodiesel.  It was experimentally demonstrated that biofuels, 
especially upgraded from pyrolysis bio-crude oils and extracted oils have poor 
storage stability due to partial decomposition of compounds and loss of volatiles. 
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1.4 Evidence of research progress linking the research papers 
The relationship between the publications generated during candidature is outlined in 
the following flow chart (Figure 1-1). This figure indicates the linkage of the publications and 
their contributions to the research field. The brief introduction and highlighting of the 
achievements for individual publications and their relationship to each other are discussed 
in subsequent paragraphs. 
 
Figure 1-1: Flow diagram showing the relationship between publications and PhD research 
program. 
 
There was no single database comparing the regional potential for 2nd and 3rd 
generation feedstocks in Australia. Consequently, an analysis of this potential was 
conducted and a database was generated. The information was collated and described in 
the first manuscript (Chapter 3) published in the journal “Renewable and Sustainable Energy 
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Reviews” with the title “Measuring the regional availability of biomass for biofuels and the 
potential for microalgae” [18]. This modelling study investigated the potential for land use 
competition between sustainable energy feedstocks on industrialised arable land (e.g. sugar 
regions) and non-arable wastelands (which may have potential for microalgae). Moreover, a 
broad range of climate in Australia made the results generally applicable in other countries 
with the same or similar climate. The results showed that second generation biofuels have 
the best opportunities where there are areas of arable land and existing biomass industry, 
such as the east and the south-east coast (New South Wales, Queensland and Victoria), 
whereas microalgae is better suited to non-arable and warmer regions mostly on the west 
coast (Western Australia and Northern Territory) of Australia. This study formed a basis to 
properly select the feedstock for the production of bio-crude oils by using thermal 
liquefaction in subsequent chapters.  
This assessment ultimately led to the second, third and fourth manuscripts 
(chapters 4-6), which were based on using the same conversion process, with an 
optimisation of the process conditions It is important to note that all produced samples 
were analysed to determine the effect of each parameter on quality of the bio-crude oil.  
The second manuscript (chapter 4) reported both chemical-physical analyses and 
quantity of bio-crude oil produced through HTL of the common freshwater green microalgae 
Scenedesmus sp., and compares these with transesterified microalgae biodiesel (i.e. FAME), 
marine fuel, biodiesel, and conventional diesel standards. The manuscript entitled 
“Chemical-physical properties determination of bio-crude produced by hydrothermal 
liquefaction of microalgae at a larger laboratory scale” is under review in the journal 
“Bioresource Technology”. Microalgae are a third generation feedstock and seem to have a 
great potential to cover energy demand in Australia. Various operational conditions were 
studied, particularly temperature (280-350 °C) and slurry concentration (15%-30%). 
Moreover, two different solvents (dichloromethane and n-hexane) used for bio-crude oil 
recovery were investigated. The results revealed that elevated temperature increases bio-
crude oil yield, whereas slurry concentration had little effect. The chemical composition 
identified mostly aromatic, oxygenated compounds and nitrogen-containing heterocyclics. It 
was also found that Higher Heating Value (HHV), viscosity, density as well as chemical 
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composition were improved by changing only process parameters. Interestingly, the 
viscosity of the optimal bio-crude oil was more comparable to diesel and biodiesel than 
transesterified microalgae biodiesel. However high density, low HHV and high nitrogen 
content of this bio-crude oil suggested the implementation of system upgrades to optimise 
these properties at the biodiesel level. The results supported the possibility of using this 
optimal bio-crude oil directly in heavy duty diesel engines. 
The investigation of the biomass with the most potential for Queensland was 
conducted to allow comparison between the third and second generation bio-crude. In 
comparison with microalgae feedstock, this study explored potential bagasse residue as a 
sustainable second generation feedstock, and using renewable solvents. 
The third manuscript (chapter 5) was published in the journal “Biofuels, Bioproducts 
and Biorefining” with the title “Hydrothermal liquefaction of bagasse using ethanol and 
black liquor as solvents” [19]. The aim of this study was to investigate the HTL of sugarcane 
bagasse using ethanol and black liquor (BL; a by-product of paper production) in pilot scale. 
Combinations of co-solvents (ethanol/water, ethanol/BL) were applied at diverse 
concentrations and reaction conditions. The highest temperature and pure BL had the 
greatest influence on bio-crude oil yield due to the additional organic residues. The chemical 
composition of the bio-crude oils revealed alcohols, esters, phenolic compounds, aromatics 
and heterocyclics. The O/C and H/C ratios showed the improvement of the bio-crude oil in 
comparison with literature values, although the elemental composition wasn’t comparable 
with FAME biodiesel and petroleum diesel. This study indicated there are some 
enhancements to be made to improve the chemical composition. The approach would have 
the potential for large-scale production of a bio-crude oil substitute for fossil fuel-based 
diesel. 
In summary, the maximum of bio-crude oil yield from the 2nd generation feedstock 
was almost double than in microalgae experiments. Conversely, the HHVs were slightly 
higher in microalgae bio-crude oils. The chemical composition revealed significant 
difference between 2nd and 3rd generation bio-crude oils.  
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Extended experimental work has been done on various prospective 2nd generation 
wastes and energy crops in Australia. Furthermore, the overall conversion energy was 
determined, which is important consideration in large scale production.  
Numerous studies investigating thermal liquefaction of lignocellulosic biomass have 
focussed on bio-crude oil yield rather than on overall energy conversion. The key difference 
being that overall energy conversion incorporates the significant variability in the HHV. For 
this purpose, energy efficiency and detailed characterisation of bio-crude oils were 
investigated for five different feedstocks by supercritical liquefaction, bagasse (Ba), banana 
bunch stem (BBS), pineapple tops (PT), Arundo donax (AD) and Forage sorghum (FS). 
Furthermore, the effect of recycled solvent on energy efficiency and bio-crude oil 
production was studied. The results were reported in the fourth manuscript (chapter 6) that 
has been submitted to the journal “Energy” and entitled “Energy conversion efficiency of 
five prospective lignocellulosic waste and energy crops by experimental determination”. 
Liquefaction with recycled solvent showed significant differences in yield and HHV of the 
bio-crude oil in comparison with fresh solvent. On the basis of chemical energy conversion, 
the feedstocks ranked as follows: BBS >FS >Ba >PT> AD. The chemical composition showed 
the change in distribution and abundance of the compounds (mainly oxygenated) 
depending on the temperature and type of biomass. Analysis of energy input and output 
demonstrated the potential for large-scale production via liquefaction. 
The optimal 2nd generation bio-crude oil was selected to observe aging storage 
stability. There was no information on whether the standard stability methods for 
petroleum diesel and biodiesel are applicable for 2nd generation bio- crude oils.  
Understanding the fundamental chemical and physical aging mechanisms for TCL bio-
crude oils is necessary to be able to ensure fuel stability during shipping and storage. The 
fifth manuscript (appendix), which is in preparation for submission in the journal 
“ChemSusChem”, investigated the bio-crude oils’ chemical and physical stabilization under 
different storage conditions and the results were compared with diesel and fatty acid 
biodiesel. Experimental results demonstrated that physical properties of all biofuels had a 
little change, with chemical characterization, over the time – a unexpected outcome. 
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In summary, thermochemical liquefaction is an underexplored technology with 
significant potential for biofuel production. This PhD research explored and determined the 
most sustainable and suitable bioenergy feedstocks in Australia. Then, the quality and 
quantity of bio-crude oils from some perspective biomasses were produced by 
thermochemical liquefaction with the optimization of the process parameters at a large 
laboratory scale. The results provided better comparison of second and third generation 
bio-crudes in order to identify the differences as well as the options for improvement of 
produced bio-crude oils. Finally bio-crude oil long term storage stability was investigated to 
observe the degradation changes. 
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Chapter 2 
Literature review 
 
Chapter 2 introduces the topic of thermal liquefaction of 2nd and 3rd generation 
feedstocks in the context of the related publications in this field. The supporting arguments 
are presented with a description of the terminology used in subsequent sections. The 
identification of potential 2nd and 3rd generation biomass is discussed in order to select the 
most suitable and sustainable feedstock for the experimental phase. Also included is a 
comparison of preferred thermochemical processes with an emphasis on the thermal 
liquefaction process. The influence of key process parameters on the formed products, 
especially bio-crude quantity, is covered in this review section. Additionally, the importance 
of physical and chemical bio-crude properties is described, which serve as indicators for 
estimating the conversion reaction pathways. The final section provides the whole biomass 
energy production concept and reveals the potential research gaps resulting from this 
chapter. 
 
2.1 Introduction 
The scientific community is placing growing emphasis on alternative sources of 
bioenergy because of diminishing of the fossil fuels. Currently fossil fuel energy accounts for 
over 80% of global energy consumption, whereas only 10% is provided by bioenergy [1]. 
There is more public awareness of climate change and greenhouse gas (GHG) emissions that 
are causing several environmental and health disputes. Over the past century the level of 
CO2 in the atmosphere has increased substantially. Transportation is the second largest 
sector contributing 23% of CO2 emissions in 2012 [1]. Pike research provides forecast of the 
global biofuels market for the Middle East/Africa, Asia Pacific, Europe, Latin America and 
North America in the period 2011-2021 [2]. The results predict biofuel production will reach 
65.7 billion gallons per year by 2021 representing a 127% increase from 29.4 billion gallons 
per year in 2010.  
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In Australia, there is a great potential for the production of renewable and sustainable 
bioenergy considering its abundant land and natural endowments such as solar radiation. 
Despite these resources, renewables account for only 5% of primary energy consumption 
and biofuels share approximately 0.4% of renewables consumption [3]. Moreover, transport 
is the largest emission sector and, in Queensland, the fastest growing since 1990 [4]. Petrol, 
diesel and aviation fuel were the most dominant transport fuels, accounting for over 90% of 
transport energy use in 2012-2013 [3].Accordingly, Australian biofuel production has 
substantially increased by 2.4 times above its 2010 level, in the past five years, while 
biodiesel contributed 40.1% of the total biofuel production in 2015 (Figure 2-1) [5]. 
 
Figure 2-1: Biofuel production in Australia (adapted from [5]). 
 
Regardless of the aforementioned facts, it is necessary for Australia to import over 
90% of its crude oil and petroleum products from various countries, to be able to cover 
energy demand [6]. Furthermore, unlike the other members of the International Energy 
Agency, Australia does not stockpile fuel to protect the national economy against any supply 
interruption [6]. This means that, if any interference occurs in the supply chain, Australia 
would have only approximately 22 days of fuel stock [7].  
Biofuels might provide potential opportunities and support for rural and urban 
communities, improving air quality and health, decreasing GHGs and providing 
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independence from fossil fuels [8-11]. However, exploitation of environmentally sustainable 
resources for biofuel production needs to be assessed. Biofuels production can improve 
waste management and resource recovery [12]. Biodiesel is one of the alternative biofuels 
that is becoming increasingly popular for use in diesel engines. Currently, the main issue is 
to develop cost effective and efficient technological processes for commercial production of 
biofuels in order to fulfil increasing global and Australian demand.  
 
2.1.1 Biofuel generations classification  
Biofuel is fuel produced from the organic renewable sources such as crops, oilseeds, 
other plants, biomass wastes and residues as well as municipal waste or animal materials. 
Presently, numerous types of biofuels can be found on market such as biodiesel, bioethanol, 
biobutanol, biogas, synthetic biofuels and so on. Current literature divides the classification 
of biofuels into three generations based on the type of feedstock (Table 2-1). 
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Table 2-1: Classification of the biofuels. 
Biofuel 
generation 
Biomass feedstock Positives Negatives References 
1st 
generation 
-vegetable oils, 
agricultural crops 
-generally all edible 
biomass 
- GHG mitigation 
- developed 
commercial scale 
-competition 
with food 
market 
-losses of net 
energy 
-using arable 
land 
-potential for 
deforestation 
and loss of 
biodiversity 
[13, 14] 
2nd 
generation 
-lignocellulosic waste and 
residues, energy crops, 
municipal solid waste, 
uneatable seeds 
-non-edible biomass 
- no food 
competition 
- GHG mitigation 
-reduction of 
particulate matter 
(PM), polycyclic 
aromatic 
hydrocarbons 
emissions 
 
-technology 
under 
development 
- supply chain 
issues 
- some of the 
feedstocks still 
requires arable 
land 
- potential for 
deforestation 
and loss of 
biodiversity 
[14-16] 
3rd 
generation 
-algae - environmentally 
friendly 
-cultivating on non-
arable land 
- GHG mitigation 
- reduce PM 
- no deforestation 
-expensive 
technology 
system 
- competition 
with animal 
and aquatic 
feed 
[17, 18] 
 
The first generation biofuels are already well known and commercialised. Nowadays 
first generation biofuels are produced from edible material such as waste cooking oil, 
oilseeds, sugar, and animal fat in Australia, which are limited. However, these sources have 
led to competition between the food and energy markets for arable land. Accordingly, a lot 
of research efforts are being put into commercialisation of second and third generation 
biofuels. The International Energy Agency has a goal of second generation biofuels 
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accounting for 25% of total fuels production by 2030 [19]. Despite this, even 2nd generation 
biofuel production might confront possible biomass scarcity issues because of deforestation 
or loss of biodiversity [20]. In addition, utilising all lignocellulosic residues from the field 
would have an environmental impact on soil structure [21]. The recent focus on 3rd 
generation biofuels from algae, which has some advantages compared to 1st and 2nd 
generation feedstocks because of their high productivity and low land requirements [18, 
20].However, there are several economic issues regarding liquefaction technologies, algae 
harvesting and cultivation, and so on, which need to be addressed. Overcoming all negatives 
mentioned in Table 2-1, especially supply chain and conversion technology, is the key 
challenge to economic viability of these generations. However, transitioning from 1st 
generation biofuels to 2nd and 3rd generation biofuels has a long pathway to reach full 
commercialisation. 
 
2.1.2 Importance of biodiesel research 
In 2005-2006, Australia produced and consumed 57 million litres of biofuels, 
consisting of 41 million litres of ethanol fuel and 16 million litres of biodiesel, which 
corresponds to only 0.4% of total transport fuel consumption [22]. From 2009, Australia 
allows fuel suppliers to blend up to 5% of renewable diesel in petro-diesel, and fleet trucks 
may run on up to 100% biodiesel [23]. In 2013-14 Australia imported 65% of biodiesel to 
cover a sudden increase in biodiesel consumption which showed consumers’ interest in 
alternative fuel [24]. The Australian government proposed to increase the biodiesel blend to 
20% over the next few years [25].  
Over the ten year period of 2005 to 2015, biofuels research has rapidly increased by 
12.7 times, according to ScienceDirect database (Figure 2-2). In particular, biodiesel has 
received more research attention than bioethanol in last decade; hence it is an 
environmentally friendly biofuel that can be used directly without any further modifications 
to vehicles. Additionally, Hill and co-workers’ life-cycle evaluation of ethanol and biodiesel 
production found that 12% and 41% of GHG emissions were reduced during ethanol and 
biodiesel production and combustion, respectively [10]. The negatives of biodiesel are 
mostly correlated with chemical composition. For instance, the degradation process of 
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biodiesel is four times faster than conventional diesel due to higher oxygen concentration in 
biodiesel [16]. 
 
Figure 2-2: Number of publication related to biofuels, biodiesel and bioethanol research plotted 
against published year listed on the Science Direct website.  
 
Government have supported the development of the biodiesel industry worldwide. 
However, there are still major hurdles related to biodiesel that need to be addressed by 
research. Several critical issues that need to be resolved are [9, 26, 27]:  
- develop regional surveys for potential and sustainable biomass feedstocks with 
regards to production and logistics (i.e. the supply chain); 
- refinement of physical and chemical properties of biodiesel such as decreasing the 
viscosity and nitrogen content, and  increasing the energy efficiency; 
- reduce manufacturing costs such as feedstock costs, construction material of the 
reactor, labour, whilst improving productivity; and 
- governmental reform of energy policy and biodiesel standards.  
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2.2 Sustainable source of biomass  
Increasing biofuel demand will require large amounts of biomass that should be 
economically feasible. Many research groups are focusing on thermal degradation of 
different biomasses that are sustainably available in their countries or worldwide. 
Lignocellulosic biomass is largely abundant and considered as a first primary source of 
bioenergy, whereas algae have recently started to gain more attention as a new potential 
bioenergy source. This is confirmed also by a 65 times increase of publications in algae 
biofuel research in the last 10 years, based on the ScienceDirect database. Table 2-2 
summarises the typical biomasses used over recent years, as biofuel feedstocks in 
thermochemical conversion processes. 
Table 2-2: Typical biomasses studied for biofuel production by thermochemical processes 
(pyrolysis and/or liquefaction). 
 
Lignocellulosic 
materials 
References 
Hard wood 
- White poplar 
- Beech wood 
- Eucalyptus wood 
 
[28, 29] 
[30, 31] 
[32] 
Soft wood 
- Pine wood 
- Spruce wood 
- Fir wood  
 
[33-36] 
[36, 37] 
[38, 39] 
Agricultural waste 
- Banana residues 
- Sugarcane bagasse 
- Barley straw 
 
[40] 
[41, 42] 
[43] 
Energy crops 
- Forage Sorghum 
- Arundo Donax 
- Switchgrass 
 
[44, 45] 
[46] 
[47, 48] 
 
Algae References 
Macroalgae 
- Cladophora coelothrix 
- Enteromorpha prolifera 
- Ulva ohnoi 
 
[49] 
[50, 51] 
[49] 
Microalgae 
- Scenedesmus sp. 
- Spirulina 
- Dunaliella tertiolecta 
 
[52, 53] 
[54-56] 
[57, 58] 
 
Australia has an abundant quantity and a diverse range of bioenergy resources. 
Unused biomass residues and waste are significantly underexplored resources for 
2nd generation biofuels. Furthermore, microalgae is an alternative feedstock for 
3rd generation biofuels with substantial potential. The feedstocks explored in this thesis are 
several Australian 2nd and 3rd generation biomasses that have a prospect for large scale 
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biofuel development. Each of the following resources is discussed in more detail in the 
subsequent sections (section 2.2.1 - 2.2.3) and was used in experiments described in this 
thesis: 
1. Lignocellulosic materials: 
Agricultural residues (i.e. banana and pineapple waste) 
Forest residues and sawmill residues (although not explored experimentally, it was 
explored in the land-use assessment in chapter 3) 
Sugar cane bagasse 
2. Energy crops 
i.e. F.sorghum and A.donax 
3. Microalgae 
 
2.2.1 Lignocellulosic materials (LCM) 
Lignocellulosic biomass is the most abundant organic material on the Earth. 
Lignocellulose, also sometimes referred to as fibre, forms the generic structure of plants. 
LCM consists of three major polymers: cellulose, hemicellulose and lignin (Figure 2-3). 
Cellulose is a polysaccharide constituting a linear chain of glucose units; it is the primary 
component of the cell wall. Hemicellulose is a heteropolymer of pentoses, hexoses and 
sugar acids embedded inside the plant cells. Lignin is a complex of aromatic of three major 
phenolic components, namely p-coumaryl alcohol (H), coniferyl alcohol (G) and sinapyl 
alcohol (S). It is providing a structural function that holds the cellulose and hemicellulose 
components inside the plants, provides stiffness and rigidity to the plant and being 
hydrophobic, it protects the plant from microbial attack. 
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Figure 2-3: Structural composition of lignocellulosic biomass (adapted from [59]).   
 
Lignocellulosic biomass is a range of various materials with different structural 
composition. Furthermore the structural composition depends also on the growing 
conditions, such as climate and weather, which could make a slight difference. Table 2-3 
depicts the composition of the common lignocellulosic biomass in Australia. The 
degradation mechanism for each of these components differs depending on reaction 
conditions (section 2.3.2). 
Table 2-3: Structural composition of various biomasses (% dry basis) [41, 60-66]. 
Type of biomass Cellulose Hemicellulose Lignin 
Hardwood 48-50 25-27 19-23 
Softwood 41-45 20-31 25-28 
Agricultural residues: 
Sugarcane bagasse 
Banana stem 
Pineapple top 
 
39-42 
63-68 
68-75 
 
22-25 
17-27 
18-20 
 
21-25 
17-19 
2-14 
Energy Crops: 
Arundo donax 
Forage Sorghum 
 
29-39 
29-30 
 
19-32 
20-21 
 
19-24 
8-9 
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Much lignocellulosic material is unused as a biomass resource. It includes waste and 
residues from various industrial sectors. Estimates of material are around 110-219 Mt/y but 
only 50% is likely to be accessible for biofuels production in Australia. Using sustainable 
biomass for bioenergy provides an opportunity for waste management and also plays a 
significant role in rural areas of Australia. 
 
Forest and Sawmill residues  
Biofuels derived from wood residues are not widely produced in Australia. In 2011, 
Australia’s total forested area was 125 million hectares (ha), equivalent to 16% of Australia’s 
land area [67]. The potential availability of forestry residues (including sawmills residues) 
was estimated by Parratt and associates [68] to be around 16 Mt/y over Australia [68]. The 
distribution of diversity of plantation and native forest in Figure 2-4 demonstrates the 
possible accessibility of various types of forest in all states and regions in Australia. It is 
important to note that the map is showing the private forestry. Apparently, from the 
Figure 2-4, forestry residues are broadly distributed in remote areas, which would make 
collection and transportation expensive. 
 
Figure 2-4: Forests are in Australia (modified from [69]). 
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Forestry residues may be released at varying rates for the different components. 
Accurate determination of the different types of residues at harvest is important for long 
term planning of their utilization in bioenergy. Furthermore, it needs to be taken into 
account that collection of forest residues from conservation reserves and protected forests 
are not permitted in Australia [67]. The usable residues, which consist of the crown and 
branches, the leaf material, bark and stumps left in the forests or burnt. Ximenes and co-
workers determined [70] the average dry weight of these residues left in the field after 
harvesting ranged from 800 to 1600 kg per tree for hardwoods and 80–350 kg per tree for 
the softwoods. Moreover, large amount of residues is produced during deforestation and 
degradation of native forest and woodlands (diseased trees) for the sake of agricultural and 
cattle expansion and enlargement of residential areas [71]. However, only a small fraction of 
them are used for energy purposes [72].  
The sawmill industry in Australia is mostly situated on the south-east coast and 
Tasmania (Figure 2-5). Processing of softwoods and hardwoods logs, into timber uses 
roughly 50% of the material. A residues breakdown into 70% solids (slabs, edgings and 
dockings), 19% sawdust and 11% bark and subsequent processing of the sawn timber form 
further 8-9% additional sawdust [72]. Australian sawmills produce around 1.25 Mt/y of 
residues and waste; 30% of the off-cuts are used for making woodchips [68]. A portion of 
the chips from sawmills are used for pulp and paper or board production [73] and some of 
the residues are compressed into pellets or briquettes to be used as a solid bioenergy 
source [74]. The government project titled “Sawmill biomass fuel study” determined the 
cost of appropriate sawmill residues for bioenergy purposes and identified suitable 
bioenergy locations, which include south east NSW and north east Victoria [75]. Sawmill 
residues for bioenergy are likely to cost between $10-$60 per dry tonne depending on 
distance and type of sawmill residue, it could be beneficial for sawmills which are currently 
paying for disposal [76]. Therefore they are attractive candidates for biofuels production. 
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Figure 2-5: Sawmills disposition in Australia. 
In the future, expansion of plantation forests into drier environments, using drought 
resistant tree species, for the dual purpose of wood production and environmental 
rehabilitation may provide significant quantities of biomass for energy and biofuels 
production [77]. 
 
Bagasse and cane trash 
In Australia, the sugarcane industry is one of the largest agricultural industries 
producing 35 Mt sugarcane per year. Bagasse is the residual fibrous waste remaining after 
extracting juice from sugarcane and it is available for about half of the year. In contrast, 
cane trash is comprised of the leaves and tops of the sugar cane plant, which have 
traditionally been burnt in the field each year [78]. This material is not used for sugar 
extraction and it is composed of 75% sugar cane stalk and 25% leaves and tops.  
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Australia produces over 11 million tons of bagasse annually and over 9 million tons of 
cane trash. Nowadays, sugar mills are using bagasse for internal supply of energy (heat and 
electricity) by burning this by-product to generate heat and electricity [78].  
The sugar mills are concentrated in Northern and Central Queensland such as around 
Mackay and Bundaberg as well as the Hebert region (Figure 2-6). Covey and co-workers 
identified the quantity of available bagasse from different sugar mills regions [79]. Based on 
the results approximately 95% of the potential bagasse comes from Queensland with an 
estimated price of around $40 per dry tonne [80].  
 
Figure 2-6: Location of sugar mills in Australia (modified from [81]). 
The existing transport infrastructure provides a significant advantage for bagasse, 
reducing logistic costs. Therefore, trash and bagasse provide a huge potential fuel resource 
in Australia.  
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Agricultural residues 
The residues from grain cropping comprise the stalks of the grain, termed ‘stubble’. 
Australia has approximately 31 Mt/y of crop waste available in the form of straw and 
stubble from cropping [68]. Currently, the stubbles are not collected as a feedstock for 
producing biofuel, but they are removed and burned in field or used for animal feed or 
bedding. Conversely, using biofuels will reduce pollutant emissions as well as fossil fuel 
consumption. A key important issue for biofuels from agricultural residues is the effect on 
soil structure and nutrients. To minimise these effects, a percentage of the residues can be 
withheld for biofuels production or the ash residues can be used after processing as a soil 
conditioner. 
 
Figure 2-7: The spatial distribution of stubble production 1983 – 2005 (adapted from [82]). 
Figure 2-7 shows a spatial distribution of possible harvestable areas in the east, 
southern and western coast of Australia estimated by Herr and Dunlop [82]. High 
productivity mainly occurs in the Mallee and Wimmera areas in Victoria, and also around 
the Yorke Peninsula the Lower North and Outer Adelaide in South Australia, as well as the 
Murrumbidgee and the Central West in New South Wales. For an average year, these areas 
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have >500 kt of stubble within a 70 km radius, but only 21 Mt of the total stubble 
production are potentially harvestable [83]. 
Alternatively, fruit industries are gaining interest as a potential bioenergy feedstocks, 
especially banana and pineapple industries in Australia. Banana and pineapple industries are 
leading agricultural products in Australian market, and due to their tropical climate 90% of 
production is concentrated in northern Queensland. The production of banana crops was 
estimated to be 372,000 tonnes on 14.000 hectares of arable land in 2013-2014 [84]. The 
waste generated in banana production includes lignocellulosic material such as leaves, 
pseudostem, stalks and organic matter (skin and rejected fruit). The industry produces 
4 tonnes of lignocellulosic wastes from one tonne of banana production [40]. Currently this 
waste is used for paper production and panel manufacturing [85]. In 2014, pineapple 
industries produced 68,500 tonnes of pineapple generating 50% waste such as the peel, 
stem, crown, and leaves [86, 87]. Nowadays the waste is used as an animal feed or 
fertilizer [86].  
 
2.2.2 Energy biomass 
According to The World Bank 6.1% of land area is arable in Australia, only 52.8% is 
under permanent pastures and crops [88]. Therefore, non-agricultural energy crops are 
gaining global interest as a fast growing, low-cost biomass, intentionally grown for biofuel 
production. The dedicated crops are able to grow on non-arable land in short cycles with 
low energy input [89]. In recent years in Australia, three species of energy crops are gaining 
attention, namely Arundo donax (A.donax), Forage sorghum (F. sorghum) and Mallee 
eucalyptus (Mallee). 
A. donax is a tall perennial grass (up to 5 m) also called Giant Reed that can grow 
spontaneously in different kinds of environments such as marginal lands or saline waters, 
[62, 90]. In the past A. donax has been processed industrially for paper, cellulose and viscose 
production and it is an excellent material for making musical instrument reeds [91]. This 
non-food crop is produced in remarkably high yields, i.e. 51 t/ha of above ground dry matter 
58 | P a g e  
 
in 43 weeks on arable land irrigated with sewerage [92]. The high productivity and great 
adaptability of A.donax has recently been proposed as a potential crop for bioenergy 
production [91, 93]. In some regions of Australia such as South-East Queensland, New South 
Wales, listed A. donax as the most invasive plant that is displacing native vegetation.  
F. sorghum is widespread across Australia; genetic diversity allows adaption and 
rigorous growth in different climates [94]. F. sorghum average harvesting yield is 
14.2 Mg ha-1 in a five-month harvest window [95]. F. sorghum is a non-food crop, with a 
short growth period and has been recommended as promising energy source. At the 
present in Australia, this fibre crop is being used as a high quality animal feed source in the 
immature stage especially for its great nutrient level and digestibility [96]. 
Mallee is a type of short tree eucalyptus, which grows in semi-arid areas over 
Australia. There are many various species of Mallee and approximately 900 of them haven’t 
been fully explored [97]. The potential Mallee industry is being developed with expected 
average yield of 60 tonnes (only green parts) per hectare per harvest over a 5 year cycle in 
Western Australia on marginal lands [98]. Evidence is accumulating that Mallee have 
advantageous characteristics, such as growing flexibility, non-food competition, for efficient 
conversion to biofuels especially jet fuel. However, the conversion technology and 
upgrading process for Mallee conversion into biofuels is still in the initial stages of 
development [99]. 
 
2.2.3 Microalgae 
Microalgae are unicellular autotrophic organisms with various shapes and microscopic 
size depending on the type of species. Over 40,000 algae species have been recognized and 
classified so far, and only a small fraction of them have been studied for bio-crude oil 
production [100]. The production of microalgae for bioenergy purposes is an active area of 
research worldwide. Algae cultivation uses photosynthesis and so generates a potential 
energy source in a manner similar to terrestrial plants. Hence microalgae are also a potential 
CO2 neutral bioenergy source [101]. The comprehensive phototropic process directly 
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converts light energy and inorganic nutrients into valuable organic compounds with 
different contents of proteins, carbohydrates, lipids, nucleic acids and pigments (Table 2-4) 
[102, 103]. 
Table 2-4: Typical biochemical compositions of several microalgae species. 
Strain Lipids (%) Proteins (%) Carbohydrates (%) Reference 
Nannochloropsis sp. 28 52 12 [104] 
Spirulina platensis 11.2 49.2 31.2 [55] 
Scenedesmus sp. 12-14 50-56 10-17 [105] 
Dunaliella tertiolecta 22 32 20 [58] 
Porphyridium purpureum 9-14 28-39 40-57 [105] 
 
Some microalgae contain high levels of lipids with a composition suitable for 
production of bio-crude oil by solvent extraction. Genetic and metabolic modification can be 
used to influence the growth rates and biochemical composition such as making lipid-rich 
strains, reducing nitrogen content, or maximizing productivity [18, 106].  However, every 
species will have its own biochemical profile and it is therefore important to find energy 
efficient conversion technology for bio-oil production [107]. 
Australia has abundant land and solar radiation as well as supplies of saline / brackish 
water that could be beneficial for large scale microalgae production in open ponds or 
photobioreactors [108]. Both methods are able to produce much higher yields in a shorter 
period than crops, for example one hectare of microalgae is able to produce around 70-
100 tonne per year (dry weight) [109]. However, there are some drawbacks with using 
microalgae. Improving processing characteristics, harvesting approaches and dewatering are 
essential for making algal biofuels economic [110]. Hence, there is no commercialized large 
scale production of microalgae in Australia. Regardless, algal biofuels is a step forward in 
biofuel research. 
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2.3 Thermochemical conversion technology 
The production of biofuels from ligno-cellulosic materials and algae can be achieved 
through different processes. Some of the processes are already commercialized such as 
gasification, fermentation, pyrolysis and so on. However most of the thermal conversion 
processes are strongly affected by the moisture content of the feedstock. From the 
thermochemical processes three are suitable for wet biomass such as hydrothermal 
gasification (HTG), hydrothermal liquefaction (HTL) and hydrothermal carbonization (HTC). 
Figure 2-8 provides the different conditions for the thermal processes to convert 
biomass into energy. The dark grey processes shows hydrothermal conversions way which 
are water tolerant, whereas the white processes require pre-drying or dewatering. 
Hydrothermal processes are use higher pressures in comparison with processes for dry 
biomass. 
 
Figure 2-8: Thermochemical conversion technology [111-117]. 
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From all aforementioned processes only HTL and pyrolysis processes produce bio-
crude as a main product. Of these, HTL is the least examined and explored process. 
Although research has been mostly focused on pyrolysis process; the interest in HTL 
technology has increased 13-fold in terms of published papers, for the last decade 
(Figure 2 - 9). According to ScienceDirect database HTL is raising the focus of ongoing 
research and debate for further directions in the process development (Figure 2-9).  
 
Figure 2-9: The comparison of published articles related to biodiesel production by thermal 
liquefaction and pyrolysis in the period 1997 – 2015 listed in the ScienceDirect database. 
 
Overall, there are several advantages and disadvantages of the HTL process, in 
comparison with pyrolysis, [60, 118]: 
Positives: 
 it is flexible with feedstock selection; 
 it can process feedstock with high moisture and so the expensive pre-drying process 
is not required; 
 it is an environmentally friendly process using harmless solvents; and 
 it has high conversion bio-crude yield (depending on process conditions); 
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Negatives: 
 corrosion from wet process environment and high operating pressures require 
application of expensive alloys and components; and 
 demanding separation process 
 
2.3.1 Thermochemical liquefaction  
Thermochemical liquefaction involves the decomposition of wet biomass into three 
main products in the presence of water or another type of solvent: such as bio-crude oil; 
gas; and solids fractions; generally at 250-400 °C and 5-24 MPa [119]. Among research 
groups there are some inconsistencies regarding the terminology for thermochemical 
liquefaction (TCL) pathways, also known as just liquefaction. If water is used in the system 
the process is called “hydrothermal liquefaction (HTL)”. However, if solvents other than 
water are used, strictly speaking it should not be called HTL but one should revert to the 
general term “thermal liquefaction”. Many researchers incorrectly use HTL to describe their 
work. Therefore, Figure 2-10 illustrates the differences between these conversion 
technologies. 
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Figure 2-10: Classification of thermochemical liquefaction terminology. 
 
The detailed chemical mechanisms of liquefaction is still largely unknown, however 
many researchers described the basic reaction pathways (Figure 2-11): (I) in the initial phase 
the main structural components of the biomass is depolymerized into small molecules and 
monomers; (II) decomposition of these monomers and compounds to form new unstable 
fragments through dehydration, decarboxylation, deamination reaction and bond cleavage; 
(III) the unstable fragments are highly reactive, thus polymerization, condensation and 
cyclization compiles them into new compounds; (IV) if the temperature and reaction time is 
increased further repolymerisation, condensation or decomposition might occur between 
the products [114, 119, 120].  
 
Thermochemical conversion technologies 
Temperature  250 – 400 
°C 
≥250 °C 
≥ 1 bar 
no O2 
5 – 24 bar 
 
Type of solvent  Water  
as primary solvent 
Other solvent 
“Thermochemical liquefaction” (TCL) 
or “liquefaction” 
“Thermal liquefaction” 
“Hydrothermal liquefaction” 
(HTL) 
“Pyrolysis” 
“HTC” 
“Torrefaction” 
≤ 400 
°C 
“HTG” 
“Gasification” 
>>1 bar Pressure  
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Figure 2-11: Thermochemical liquefaction reaction pathway adapted from [119]. 
 
Typically, the liquefaction process involves the following steps when performed batch-
scale [121]: 
1. Preparation of feedstock into a slurry with the relevant solvent e.g. water, ethanol or 
acetone (potentially a catalyst is added). 
2. Pressurize the headspace of the reactor by using the appropriate gas (H2, N2, Ar, 
etc.).  
3. Heat the slurry mixture up to reaction temperature and pressure. 
4. Hold the reaction at the selected residence time. 
5. Cooling down the reactor. 
6. Product recovery.  
7. Solid-liquid separation and recovery of solvent. 
The optimisation of the process by changing chemical and physical parameters has a 
significant influence on the quality and quantity of the targeted bio-crude oil. Up to date the 
majority of the liquefaction experiments have been done in small batch reactors or 
autoclaves in the laboratory. To the best of the author’s knowledge very few research 
groups globally perform tests in larger reactors (≥1.8L) that approximate real field 
conditions. Those groups investigated various operating conditions focusing on different 
algae species for the production of bio-crude oil, especially temperature, holding time, and 
chemical characterisation only of the optimal sample [55, 122]. However, there is a need to 
create a database of different investigated conditions such as solvent to biomass (S/B) 
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concentration, solvents and so on, showing the most suitable in terms of energy 
consumption, feedstock variability, product quality and stability. 
In Australia, the first commercial HTL plant was developed by Licella Pty Ltd based on 
catalytic hydrothermal liquefaction technology (called Cat-HTRTM) to convert lignocellulosic 
material into bio-crude oil. The pilot scale plant has the capacity to process 50,000 tonnes of 
dry biomass per year, besides that produced for high value bio-products such as cresols, 
resins, phenols and so on, with approximated values $1500- $10,000 per tonne [123]. 
However, the technology process converts only some of the lignocellulosic biomasses 
(mostly wood based) and hasn’t been extended to other types of biomass, particularly 
microalgae.  
 
2.3.2 The impact of chemical variables on the yield of products 
 
Effect of biomass feedstock 
The heterogeneity of the main constituents of lignocellulosic biomass such as lignin, 
hemicellulose, and cellulose influences decomposition of the raw material and accordingly 
the overall yield. Lignin has an influence on the bio-crude oil products as it is difficult to 
degrade and mostly appears in the residue fraction. In general, the higher lignin content in 
the biomass, the lower the conversation rate and the bio-crude oil yield [124]. Bhaskar and 
co-workers’ study compared the bio-crude oil yield from hardwood and softwood samples 
and concluded that less bio-crude was produced in softwood due to the higher lignin 
content [125]. This statement was proved by Minowa and co-workers who observed a good 
correlation coefficient between product yields and lignin, especially between solid residues 
and lignin, based on 18 types of biomass residues [42]. Conversely, degradation and 
decomposition of hemicellulose and cellulose is starting at lower temperatures resulting in 
an increase in liquid products [42, 125, 126].  
Microalgae biomass components are mainly lipids, proteins, carbohydrates and 
algaenans. The vast diversity of microalgae species, with different biochemical 
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compositions, have a strong influence on bio-crude oil quality and quantity. Lipids and 
proteins are mostly contributing to the bio-crude oil fraction; however proteins are the 
major sources of nitrogenated compounds [120, 127]. Conversely, carbohydrate polarity is 
similar to water. Therefore, these compounds are directly dissolving into water in subcritical 
conditions and consequently undergoing fast degradation [128]. Most of the carbohydrates 
are presented in the water soluble fraction [56]. The conversion rate towards bio-crude oil 
production based on experimental data suggested following order: lipids > proteins > 
carbohydrates. Algeanans are resistant macropolymers which are difficult to study; 
therefore not a lot of information about the degradation mechanisms is available [120]. To 
be able to predict the outcomes of HTL process it is important to develop a broadly 
applicable predictive model. On the basis of biochemical composition of three microalgae 
species, Valdez and co-workers introduced a kinetic pathway for predicting the bio-crude oil 
conversion rates, with respect to temperature and reaction time parameters [129]. This 
model could be further improved to be applicable for a wide range of microalgae 
compositions and set of process parameters. The degradation pathway of single 
components into bio-crude oil will be discussed further in section 2.4.1. 
 
Effect of the solvent 
Several studies have investigated various solvents for different feedstocks. Water is a 
cheap medium that performs as a solvent and catalyst at the same time in the HTL process, 
because of the unique physicochemical properties close to the critical point. Physical 
properties for supercritical and subcritical water vary with temperature and pressure 
(Table 2-5) [60]. In subcritical conditions, water is still in the liquid phase and provides high 
solubility for hydrophobic organics that is efficient for homogeneous reactions [60]. 
Furthermore, the increase in dielectric constant leads to decreasing salt solubility [26]. 
Water is an excellent solvent in supercritical conditions due to activating further oxidation 
of organic and inorganic compounds [130]. As temperature is further increased, gasification 
becomes the dominating process. The major disadvantage of supercritical and subcritical 
water is corrosion particularly if halogenated compounds are present [131]. Moreover, high 
energy is required to reach the supercritical condition. 
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Table 2-5: Properties of water at various conditions, adapted from [60]. 
 Normal 
water 
Subcritical 
water 
Supercritical 
water 
Temperature (°C) 25 250 350 400 400 
Pressure (M.Pa) 0.1 5 25 25 50 
Density (kg.m-3) 1000 0.88 0.66 0.17 0.58 
Dielectric constant  (F.m-1) 78.5 27.1 14.07 5.9 10.5 
Ionic product p.Kw 14 11.2 12 19.4 11.9 
Heat capacity Cp (kJ/kg-1.K-1) 4.22 4.86 10.1 13 6.8 
Dynamic viscosity (mPa.s) 0.89 0.11 0.064 0.03 0.07 
 
Recently, organic solvents started to draw attention due to their lower critical points 
compared with water. Generally, various organic solvents (such as ethanol, acetone, or 2-
propanol) were studied to increase both conversion rate with low oxygen content and also 
the chemical composition of the bio-crude oil [34, 41, 132, 133]. For instance, Liu and co-
workers [34] studied the effect of three different organic solvents on bio-crude oil yield for 
pinewood liquefaction and the results revealed high conversation rate with acetone, 
whereas bio-crude yield was maximised with ethanol. Further studies focused on solvent 
mixtures (addition of water to the alcohol solvent) in order to enhance liquefaction 
efficiency [41, 132]. The effect of various ethanol/water concentrations on product yields 
from liquefaction of bagasse was investigated by Chumpoo and co-workers [41]. The bio-
crude oil yield and HHV increased by the addition of 5% water into the system, in 
comparison with pure ethanol; however, it resulted in high amount of oxygenated 
compounds, predominantly alcohols. Overall, organic solvents have a beneficial effect in the 
thermal liquefaction process, especially by increasing bio-crude oil yield, but there is limited 
information regarding the effect on physical properties. 
 
Effect of atmosphere in the reactor 
Reactive gases are better options for liquefaction than inert gases. Reducing gases like 
H2 and synthesis gas (CO/ H2) stabilise the fragmented products of liquefaction and reduce 
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char formation [134]. According to Figure 2-12 bio-crude oil yield reached the maximum at 
310 °C irrespective of the reducing environment. From the graph it can be seen that CO and 
H2 have higher reactivity in contrast with N2’s low reactivity. The better affinity of biomass 
radicals towards CO and H2 give better stabilization [135]. Moreover, H2 might support 
hydrogenation of organic compounds that form products with lower polarities, which are 
more similar to oil [135]. Air cannot be used as a reducing gas since it leads to the 
combustion of the biomass. CO and H2 are not generally used due to their hazardous nature 
and higher price. The most commonly used gas in the majority of experiments is N2.  
 
Figure 2-12: Effect of reducing gases CO, H2, N2 and air on liquid yield as a function of liquefaction 
temperature (adapted from [135]). 
 
2.3.3 The impact of physical parameters on the yield of products 
Effect of temperature 
Higher temperature enhances the synergetic effect on the bio-crude oil yield through 
beneficial fragmentation of biomass components [126].When the temperature is 
adequately high, the biomass depolymerization starts to occur because it reached the 
activation energies to cleave bonds [126]. The temperature influence on the bio-crude oil 
conversion has been investigated and some results are depicted in Figure 2-13. 
69 | P a g e  
 
 
Figure 2-13: Temperature dependence of the bio-crude oil-yield as reported by different research 
groups (adapted from [50, 135, 136]). 
 
The comparison between the experiments is complicated due to different feedstocks 
and process parameters. However, the independent results from literature support the 
general trend that the bio-crude oil yield increases with temperature and reaches a 
maximum at a point beyond which gas formation is dominant. Temperatures in the range of 
300-350 °C are suitable for efficient production of liquid bio-crude oil, but this also depends 
on many other parameters such as type of feedstock, retention time, and solvent character. 
For instance, Zhou and co-workers [50] reported maximum bio-crude yield at 300 °C from 
HTL of macroalgae, whereas Yin and co-workers [135] as well as Zhang and co-workers [136] 
found 310 °C and 340 °C were the most beneficial temperatures, using cattle manure and 
newspaper as a feedstock, respectively. The differences in these studies can be explained by 
the diversity of the chemical composition of the feedstocks. All studies confirm that with 
temperature increases, the gas phase reactions become active which leads to the formation 
of gases. Conversely the solid residue yield decreases with elevated temperatures. Overall, 
the temperature trend follows the chemical pathways of bio-crude oil produced by 
liquefaction: hydrolysis of biomass, formation of bio-crude oil and decomposition of bio-
crude oil.  
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Effect of pressure 
Solvent density increases with pressure, in other words high-density solvents are 
better at penetrating into the feedstock’s structure at elevated pressure, resulting in 
degradation and extraction of the feedstock [41]. However, at high pressures undesirable 
effects may also occur in the vicinity of the critical point. The correlation between bio-crude 
oil yield and elevated pressure in supercritical conditions is reported in Behrendt and co-
workers’ review paper [114]. It might be explained by virtue of active sites of the catalyst 
are blocked with high density solvent [137]. However, Sangon and co-workers [137] didn’t 
find any significant increase of bio-crude oil yield with pressure elevated from 7 to 12 MPa 
in supercritical conditions for coal liquefaction. Thus, variation of pressure in supercritical 
liquefaction may not play an important role for overall liquid bio-crude oil yields and it is 
preferable to use subcritical conditions when the solubility of inorganic salts is sufficient and 
pressure is significantly lower. 
 
Effect of residence time 
Residence time is a parameter which may significantly affect the composition of the 
products and overall conversion of biomass. It is necessary to optimised reaction time for 
adequate destruction of structural components in feedstock [138]. It was observed that 
longer residence times lead to decreasing bio-crude oil yield whereas shorter times are 
beneficial [139]. Figure 2-14 illustrates results from liquefaction of poplar wood reported by 
Yilgin and Pehlivan [28], where the biomass fragments are either decomposed or re-
polymerized into gas or solid fractions, respectively. 
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a)
 
b) 
 
Figure 2-14: Dependence of the liquefaction yield on residence time in two different temperatures 
(adapted from [28]). 
 
The oil yield rose with when holding time was increased to 90min and 45min, at 
300 °C and 350 °C, respectively and thereafter decreased with further reaction time. Long 
reaction times promoted increases in the gas phase at both temperatures. Conversely, Jena 
and co-workers [55] did not observe significant change in bio-crude oil yield during 0-
120 min at 350 C for HTL of microalgae. Furthermore, the chemical composition of the bio-
crude oil is affected by residence time. Karagoz and co-workers [140] ran experiments for 
varying operating times and found different chemical composition of the produced bio-
crude oils from sawdust liquefaction. The majority of oxygenated hydrocarbons from C10 to 
C12 were identified for 15 and 60 min of reaction time while C7- C9 were predominant only 
for 60 min at 280 °C Besides that, longer times allow decomposition of heavy aromatic 
compounds such as asphaltenes into lighter products at 280 °C.  
 
Effect of mass ratio of C (S/B) 
The S/B ratio is an important parameter to be considered from an economic 
standpoint, especially for the use of a commercial continuous reaction system. Principally, 
high S/B provides a large amount of monomers which can be dissolved [114]. On the other 
hand, very low S/B increases the solid fraction as the hydrothermal process performs like 
pyrolysis [141]. Jena and co-workers [55] found that all product yields remained almost 
stable with initial solid concentration in the range 10%-50% for the case of Spirulina 
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liquefaction. The results were different from Valdez and co-workers’ [142] experiments 
where bio-crude oil yield increased with slurry concentration from 10 to 50 wt.% for 
Nannochloropsis sp..This contrary result suggested that the loading depended also on 
microalgae species. On the other hand, Cheng and co-workers [143] reported an increase of 
bio-crude oil yield with S/B ratio increase up to 10 (v/v) and then further addition of pine 
sawdust into system had a negative effect on bio-crude oil yield. Unfortunately, the majority 
of the experiments did not identify the optimum solvent to biomass ratio. This plays an 
important role in continuous reactors in achieving ideal flow rate and minimising energy 
requirements. 
 
2.3.3 Separation challenges 
Separating liquefaction products (e.g. bio-crude oil) from the solvent is required for 
recovering all obtained products. The typical scheme for solvent separation is illustrated in 
Figure 2-15. The route of the scheme changes with the feedstock and solvent in a 
liquefaction system. The dashed lines in Figure 2-15 are followed when water is used as a 
primary medium. 
So far, many research groups did not report on the solvent type and amount added in 
the separation process. Barreiro and co-workers [120] reviewed large numbers of different 
publications in order to compare the collected data. Regarding product separation using 
different types and volumes of solvents, they did not provide any clear trend for microalgae 
HTL. However, according to Valdez and co-workers [144] study the type of the organic 
solvents is affecting chemical composition of the bio-crude oil as well as quantity. The 
results of the paper reported that with the use of non-polar solvents (i.e. hexadecane, 
decane) greater bio-crude oil yield was obtained than with polar solvents such as 
dichloromethane for the same microalgae strains and process conditions. Furthermore, the 
chemical composition of the bio-crude oil was altered between the samples. The results 
suggested that the bio-crude oil yield and quality might depend on solvent type in the 
separation step, although there is not enough data to confirm these conclusions and further 
research is required. 
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Figure 2-15: Separation process of HTL products mixture.   
 
Separation in continuous process carries many issues pertaining to cost effectiveness 
and efficiency of the technological system. For examples, during evaporation step the high 
volatile fraction of bio-crude oil could be evaporated with the organic solvent resulting in 
lower yield or higher viscosity [120]. This could be prevented by using gravity separation 
because the light bio-crude oil is not mixable with the water phase.  
 
 
Liquefaction of biomass slurry 
Products mixture 
Gas fraction 
Liquid and solid fractions 
Washing with solvent 
Vacuum filtration 
Solid residues Liquid fractions  
Organic phase  
Addition of solvent/ phase separation 
Aqueous phase 
Solvent removal Solvent removal/  
Vacuum evaporation 
Solvent fraction  Bio-crude oil product  
Water soluble fraction  
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2.4 Bio-crude oil 
The bio-crude oils are highly viscous, dark brown, and liquid with strong cigarette 
odour; and also known as bio-crude, oil, bio-oil. Chemical and physical properties of TLC bio-
crude oil are significantly different from conventional diesel and fatty acid methyl ester 
biodiesel (FAME). It is important to obtain a detailed characterization of bio-crude oils to 
identify potential applications. Nowadays, most of the research groups are not providing the 
detailed characterisation for each bio-crude oil, but only the optimal sample. To clearly 
understand the complexity of the bio-crude oil formation further research need to be 
focused on detailed characterisation of each sample.  
 
2.4.1 Bio-crude oil properties 
The physical properties of bio-crude oil mainly depend on the feedstock type, whereas 
chemical composition varies with process parameters, mostly temperature, pressure, 
residence time, solvent and so on [126].  
The bio-crude oil is chemically complex, with various compounds of different 
molecular weight that are hard to separate and analyse with using just one instrument 
[145]. One of the most common techniques mentioned in the literature for identifying 
chemical compounds from bio-crude oils is gas-chromatography with mass spectroscopy 
(GCMS), but it doesn’t provide clear and comprehensive characterization because of a broad 
background signal [145]. Moreover, a small portion of the compounds with low volatility or 
instability cannot be detected and the mass spectroscopy library is not able to precisely 
identify some of the isomers [146]. Recently, a few experimental groups are supporting and 
expanding GCMS data with Fourier Transform Ion Cyclotron Resonance-Mass Spectrometry 
(FTICR-MS) and/or combined 1H and 13C nuclear magnetic resonance (NMR) to give in-depth 
characterisation of the bio-crude oil with high accuracy [35, 92, 147, 148]. First, holistic 
characterisation using NMR, GCMS and FTICR-MS of bio-crude oil on the molecular level has 
been done by Leonardis and co-workers [145]. The results were used for developing a 
determination trend for aromatic versus aliphatic carbon and nitrogen components.  
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The typical composition of the LCM and microalgae bio-crude oil analysed through 
GCMS is shown in Table 2-6. 
Table 2-6: Major chemical compounds as groups from LCM and microalgae [41, 54, 55, 149-151]. 
 Range of Area % 
Chemical groups LCM Microalgae 
Aliphatics 3.5-5.5 10.2-28.0 
Carboxylic acids 1.9-23.2 4.0-46.0 
Oxygenated compounds 31.4-86.3 7.97-22.0 
Nitrogenated compounds 2.9-9.0 4.2-20.1 
Aromatic compounds 4.9-24.7 11.0-20.0 
 
LCM bio-crude oils contain a large amount of oxygenated compounds, mostly phenols 
which account for approximately 70% due to lignin hydrolysis and degradation pathways; 
and the rest is supplemented by alcohols and ketones. The production path for ketones is 
not straightforward but they might be formed from intermediates degraded from 
lignocellulosic components [43]. Different types of carboxylic acids are formed by complex 
of degradation reaction from extractives or hollocellulose [152]. Whereas, microalgae bio-
crude oils are composed primarily from carboxylic acids (esters) and long carbon aliphatic 
compounds (alkanes, alkenes).The amount of identified esters and hydrocarbons depend on 
lipid contend in raw microalgae, since lipids degrade through decarboxylation and 
decarbonylation reactions [26, 60]. Predominantly, nitrogenated compounds such as 
pyrazines, pyrimidines, pyrollidines and aromatics (oxygenated and non-oxygenanted) are 
identified in microalgae bio-crude oils, formed from decomposition of proteins and 
carbohydrates [120]. It is widely known that nitrogenous compounds in bio-crude oil leads 
to increasing NOx exhaust emissions during engine combustion. 
Physical properties are diverse and strongly correlated with the chemical structure of 
the bio-crude oil [153]. The main physical properties include heating value, viscosity, 
density, oxidation stability and so on. This research thesis is focused predominantly on 
chemical changes; hence physical properties are mentioned just briefly. Table 2-7 provides 
the important relationship between compositional features of the bio-crude oil and the fuel 
properties, which Hoekman and co-workers [153] investigated and summarized from 
datasets of various FAME biodiesels. Some of the results indicated inconsistencies among 
the research groups. For example, a strong correlation was found between density and 
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degree of saturation, whereas the relationship with average chain length was uncertain for 
most of FAME biodiesels. Another example is cetane number (CN), which is affected largely 
by biodiesel chemical structure. From the Table 2-7 it is apparent that CN is strongly 
depended on saturation level and branching, while the effect of chain length was latent for 
mixture of FAME biofuels. Besides that, CN correlation with alcohol length and branching 
was difficult to recognise. Accordingly, Knothe [154] found these correlations were 
applicable for 2nd generation biofuels. 
Table 2-7: Relationship between chemical composition and physical properties of the bio-crude oil, 
where the increase and decrease is indicating by the arrows (modified from [153]). 
Chemical 
structure 
Viscosity Density 
Cetane 
Number 
Heating 
value 
Oxidative 
stability 
Average 
chain length 
     
Chain 
branching 
     
Degree of 
unsaturation 
     
Alcohol 
length and 
branching 
     
Notes: Thickness of arrow indicate certainly/consistency of effect in literature. 
Symbol “ – “ indicates highly uncertain or conflicting information from literature. 
 
The quality of bio-crude oil is strongly affecting by elemental composition, especially 
H/C and O/C ratio. The Van Krevelen diagram in Figure 2-16a) illustrates the numerous 
literature values of elemental composition from various lignocellulosic and microalgae 
feedstocks comparison with commercial Diesel and FAME biodiesel. Generally, higher 
oxygen content can be noticed in lignocellulose bio-crude oils then in microalgae bio-crude 
oils. Some of the data from both feedstock types are closely related to FAME and Diesel. 
This could be caused by diversity of the feedstock as well as different process conditions. 
However, the data from various literatures (Figure 2-16b) shows higher N/C for microalgae 
feedstock. From the diagrams, it is apparent that to be comparable with the diesel values, 
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further improvement is required to lower the O/C ratio, particularly for LCM bio-crude oils 
and the N/C ratios, in the algae case.  
a)  
b)  
Figure 2-16: a) H/C and O/C and b) H/C and N/C ratios of literature values for bio-crude oils from 
lignocellulosic and microalgae feedstocks [33, 36, 52, 55, 57, 58, 148, 149, 155-160] in comparison 
with commercial diesel and FAME biodiesel [161]. 
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Elemental composition alters HHV of bio-crude oils [162]. It means that with high 
carbon and hydrogen content HHV is increased while oxygen and nitrogen content have an 
opposite effect [163]. The HHV is a measure of the quantity of the heat released during the 
combustion process, so it describes the energy content of the bio-crude oil. Figure 2-17 
presents average HHVs of different literature values available for bio-crude oils and HHV of 
diesel and FAME. The HTL results indicate improvements in HHVs against pyrolysis bio-crude 
oil values but still they are not comparable with diesel. This might be caused by 
improvements in elemental composition, especially oxygen content in microalgae bio-crude 
oils. Ramirez and co-workers [163] examined chemical and physical properties of bio-crude 
oils in a review paper of the upgrading technologies. The authors’ observations on HHV 
concluded that existing correlations between HHV and elemental composition should be 
modified for HTL bio-crude oils. 
 
 
Figure 2-17: HHV values of various HTL bio-crude oil types, pyrolysis bio-crude oil, diesel and FAME 
biodiesel [29, 36, 41, 52, 55, 58, 94, 117, 148, 149, 155, 159, 161]. 
 
It has been reported that engine parameters (such as engine temperature, speed, 
load, spark timing etc.) and fuel have a significant effect on the performance and emissions 
of diesel engines when run with biodiesel and diesel blends [15, 164-167]. For instance, 
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ignition delay (the time delay between fuel injection and the beginning of combustion) is an 
indirect indicator of fuel cetane number. It means, fuels with high cetane number can 
reduce ignition delay and help promote more complete combustion, which could lead to a 
reduction in hydrocarbon emissions [168]. Another example regarding emissions, higher 
biodiesel concentrations (higher biodiesel blends) led to a decrease in volatile organic 
compounds [169]. The most commonly accepted reason is that the higher oxygen content in 
the biofuel helps to combust the fuel almost completely. Furthermore, oxygen and moisture 
content are usually higher in bio-crude oil obtained from liquefaction of loosely-structured 
biomass species such as bagasse and straw [41, 43]. This considerably lowers the bio-crude 
oil quality, HHV and the viscosity.  
Overall, the physical and chemical properties of the liquefied bio-crude oils make 
them an attractive replacement for fossil fuels from the renewable energy perspective. 
 
2.4.3 Storage of bio-crude oil  
Bio-crude oil is a complex of various unstable compounds with propensity to degrade 
over time. .It is important to understand the aging mechanisms of liquefied bio-crude oils to 
learn how to set up conditions for handling, storage and transport applications. So far, 
minor studies have been focusing on pyrolysis bio-crude oil degradation under different 
environmental conditions. All experimental studies showed increasing viscosity during 
storage due to either a loss of volatiles or the formation of aromatic compounds [55, 170-
172]. Hilten and co-workers [171] studied accelerating aging on pyrolysis bio-crude oil and 
revealed major chemical changes especially, increasing amounts of phenolic compounds, 
and the appearance of new compounds such as carbonyls, esters and carboxylic acids. The 
authors didn’t observe any higher molecular weight compounds. Diebold [170] reviewed the 
aging mechanism that affect the storage stability of pyrolysis bio-crude oils and suggested 
adding low molecular weight solvents or improved hydrogenation to achieve better storage 
stability. 
There is insufficient information about aging stability of the 2nd and 3rd generation 
biofuels produced via thermal liquefaction. Jena and co-workers [55] observed storage 
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stability at room temperature of liquefied algae bio-crude oil, but used only viscosity as an 
aging indicator. The authors reported a linear increase in viscosity with storage time up to 
75 days, after which point the viscosity remained almost stable. The authors attributed the 
viscosity change to the evaporation of volatile organic compounds or chemical reactions 
inside the oil. However, without chemical analysis they couldn’t make a clear conclusion. 
Future research requires a comprehensive chemical and physical characterisation of 
liquefied bio-crude oils and the gases released during aging under different storage 
environments. The value of understanding the stability behaviour of bio-crude oils, 
especially degradation changes, would inform the design of further processes to improve 
bio-crude oil quality. 
 
2.5. Challenges for research needs 
Many experimental investigations of biomass liquefaction deal with improving the 
conversion rate and properties of the bio-crude oil. Second and third generation biofuels 
need to be upgraded and optimized for long term continuous operation [173, 174]. The 
whole biomass energy production system is complex and interconnected with complicated 
logistical operations and interactions. Hence, the conceptual integration of all technological 
steps for biofuels production at a large scale needs to be proposed. It would clearly identify 
the gaps in the system in which we should focus and address proper solutions. The block 
diagram of the technological operations for second and third generation biorefineries is 
depicted in the following Figure 2-18. The bold dashed line in the scheme highlights the 
knowledge gap arising from the literature review that is investigated during this research 
course.  
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Figure 2-18: Conceptual overview of energy production for second and third generation 
biorefineries (modified from [173]). 
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In summary, this thesis covers research on the development of the liquefaction 
process at a larger scale. Some of the work has been focusing on identifying the most 
suitable and sustainable feedstocks for Australia. Another key contribution is collecting 
information on liquefaction with the focus on 2nd and 3rd generation bio-crude oils at a large 
laboratory scale which will inform pilot plant work. Finally, this is the first comprehensive 
study investigating storage stability of HTL 2nd generation bio-crude oils under different 
storage environment. 
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Abstract: 
Biomass is an important energy resource for producing bioenergy and growing the 
global economy whilst minimising greenhouse gas emissions. Many countries, like Australia 
have a huge amount of biomass with the potential for bioenergy, but non-edible feedstock 
resources are significantly under-exploited. Hence it is essential to map the availability of 
these feedstocks to identify the most appropriate bioenergy solution for each region and 
develop supply chains for biorefineries. Using Australia as a case study, we present the 
spatial availability and opportunities for second and third generation feedstocks. 
Considerations included current land use, the presence of existing biomass industries and 
climatic conditions. Detailed information on the regional availability of biomass was 
collected from government statistics, technical reports and energy assessments as well as 
from academic literature. Second generation biofuels have the largest opportunities in New 
South Wales, Queensland and Victoria (NSW, Qld and Vic) and the highest potential region 
for microalgae are Western Australia and Northern Territory (WA, NT). The approach can be 
used in other countries with a similar climate. More research is needed to overcome key 
technical and economic hurdles. 
Keywords: Bioenergy; biomass; microalgae; Australia; biofuel 
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3.1 Introduction 
Population growth and global warming have led to a focus on producing renewable 
and sustainable fuels for motor vehicles. First generation biofuels such as ethanol from 
starch and molasses, and biodiesel from some oil crops use edible feedstocks; but they have 
limited sustainability credentials. Their use has created the “food vs. fuel” debate, questions 
have arisen about sustainable land use and there has been speculation about the 
contribution of first generation biofuels to declining global wheat and maize stocks, with 
oilseed prices tripling. Although there are other factors contributing to price increases, such 
as drought, it appears these price rises may have been more moderate without using edible 
feedstocks and arable land for generating fuels [1]. First generation biofuels also raise ethics 
questions about converting foodstuffs to fuel when there is malnourishment in some 
developing countries [2]. Finally, another important aspect is the environmental damage 
caused by deforestation, and the destruction of ecosystems for increased biomass 
production [3]. 
The issues associated with first generation biofuels have created interest in second 
generation biofuels, which do not use edible feedstocks, as a renewable energy alternative. 
The International Energy Agency projected that second generation biofuels will account for 
25% of total biofuels production by 2030 [4]. Second generation biofuels often use waste 
biomass from other industries such as forestry and the sugar industry, and other agriculture 
waste fibres which are affordable [5]. The utilisation of residues decreases the demand on 
arable land which could otherwise be used for food or energy crop production. In recent 
years, interest in feedstock supply has increased. There are publications dealing with locally 
available, sustainable biomass resources [6-9].  
More recently there has been considerable interest in microalgae as a feedstock for 
biofuels [10, 11]. Microalgae are microscopic photosynthetic organisms with numerous 
constituents such as proteins, carbohydrates, and lipids, and are amenable for renewable 
biofuel production. It has the advantage of being grown in vast quantities on non-arable 
land, leading to the term “third generation” biofuel. Microalgae also have numerous 
advantages in comparison with terrestrial biomass in terms of high oil yield, short growing 
periods, and adaptability. However, there are also concerns about financial viability and 
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water use with current technology, which need to be greatly refined if it can be used for fuel 
[12]. 
Unfortunately, to date, a comprehensive mapping of the availability and potential use 
of bioenergy feedstock for second and third generation biorefineries in Australia was 
missing. The aim of this paper is to explore the sustainable energy feedstocks landscape in 
order to determine how land may be best used for renewable energy production. There is 
no single database comparing the potential amount of all lignocelluloses and microalgae 
resources available for biofuel utilisation and so data was collected from government and 
academic sources for this purpose. Many previous studies have provided analyses on the 
suitability of land for a single technological pathway without a detailed regional survey of 
existing land use. This is particularly the case in the microalgae literature. A raster graphic 
program based on accurate map references provides a better illustration of collated values 
from the available literature and statistic institutions. This paper also provides an 
introduction to the conversion technologies, including likely feedstock price and conversion 
routes.  
Australia is used as a case study. It has abundant waste fibre from numerous 
industries for second generation biofuels, an abundance of data from these industries, and a 
large diversity of land and climate types. The last point would allow for observations made 
to have general implications in other countries. Also, if microalgae technology becomes a 
viable fuel option, Australia is an obvious candidate with vast areas of non-arable land in 
warm climates that can provide high growth rates [13]. 
 
3.2. Biofuels in Australia 
In Australia energy consumption in the transport sector is increasing at the rate of 
2.4% per year [9] and it is dependent on fossil fuels [14-16], and so sustainable alternatives 
are sought. Ethanol production uses molasses from sugar processing and starch from flour 
milling as feedstocks. Most of the fuel ethanol produced by the three Australian producers 
is blended with petrol as E10 blend petrol (10 per cent ethanol and 90 per cent petrol). 
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Biodiesel is mainly produced from tallow and waste cooking oil. Biodiesel can be mixed with 
regular diesel; B5 is the common blend and B20 biodiesel blend is generally sold for 
commercial operations. 
In terms of first generation biofuels feedstocks, in 2005-2006, Australia produced and 
consumed 57 million litres of biofuels, consisting of 41 million litres of ethanol fuel and 16 
million litres of biodiesel, which corresponds to only 0.4% of total transport fuel 
consumption [17]. Renewable energy sources accounted for the remaining 6 per cent of 
total energy consumption in 2012–13, with its share of the energy mix increasing compared 
with the previous year [18]. Total production capacity of ethanol and biodiesel was about 
330 million litres (ML) and 175 ML respectively in 2010 [19]. In 2013 the production of 
ethanol was only 280 ML and biodiesel was 110 ML [20] due to the closure of several plants. 
While the existing ethanol and biodiesel sector is based on first generation biofuels 
technology, research and development of second and third generation technology biofuels 
is continuing. Previous workers found that second generation biofuels can overcome the 
major shortcomings of first generation biofuels in Australia [9]. The following subsections 
relate to second and third generation feedstock opportunities. 
 
3.3. Feedstocks 
In Australia, the main second generation feedstocks are tallow and used cooking oil 
with biodiesel production facilities in Vic, SA, WA,NSW, NT and QLD [9]. However, new 
forestry and sawmill residue, sugarcane waste fibre, other agricultural residues, and 
microalgae are being researched and developed. The feedstocks explored in this study were 
perceived by the authors to be the main opportunities for large scale biofuels development 
in Australia. 
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3.3.1. Forestry and sawmill residue 
Forestry residues consist of the crown and branches of trees, the leaf material, bark 
and stump, as well as non-merchantable stem biomass, which are left in the forests or are 
burned. Furthermore, large areas of forests and woodlands are still cleared annually for the 
expansion of agricultural activity or foresting. A small fraction of the cut wood from the 
cleaning activity is used for energy production, but the majority is not utilised and is either 
burned or left to decay on site [21]. However, these sources are broadly distributed in 
remote locations, so collection and transportation would be expensive. Waste fibre is 
produced at sawmills in the form of sawdust and offcuts.  
 
3.3.2. Sugar cane waste fibre, bagasse, and trash 
Sugarcane is harvested and crushed at a sugar factory which produces juice and fibre. 
The juice is purified and concentrated to produce sugar crystals, and the fibre (i.e. bagasse) 
is typically burned to produce steam and electricity for the factory. Sugarcane bagasse has 
the advantage in that it is already collected at a centralised location, reducing transport 
costs. Sugarcane harvesters allow the leaves (known as trash) to drop to the ground so that 
only the stem of the plant is used. However, leaves could either be harvested together with 
the stem (although this generates some issues in the sugar production process), or collected 
separately at a higher cost. Bagasse is only produced for six months of the year, so while it 
has many advantages, it cannot be produced all year round and during long term storage 
there is a risk of biological degradation. 
Australia produces over 11 million tonnes of bagasse annually and over 9 million 
tonnes of cane harvest waste, comprising leaves and tops, which have traditionally been 
burnt in the field each year [22]. However, the majority of the industry harvests green (i.e. 
unburned) cane. Around 95% of Australian sugar production occurs in Queensland with a 
small amount being produced in northern New South Wales. 
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3.3.3. Agricultural residues 
Australia has a potentially large biomass resource in the form of agricultural crop 
waste. The residues from grain cropping generally comprise the stalks of the grain (i.e. 
stubble). The main crops in Australia are wheat (22,856 kt) and barley (7472 kt) with a range 
of smaller crops totalling 9548 kt including sorghum, cotton, canola, oats, and rice for grain 
in the year 2013 [23]. The proportion of the plant which is left as residue varies with plant 
type and is often left in the field. Currently, the stubble is not collected as a feedstock for 
producing bio-oil, but removed and burned in the field or used for animal feed or bedding. 
The most important issue for biofuels from agricultural residues is the effect on soil 
structure and nutrients. There are a few options: either remove only a percentage of 
residues for biofuel production, or use the ash residue that remains after processing as a soil 
conditioner.  
 
3.3.4. Microalgae 
Unlike second generation biofuel feedstocks, microalgae is not a waste biomass. It is 
often cultivated in extensive or intensive artificial environments - the latter being of more 
interest with regard to biofuels. Research in the intensive cultivation of microalgae has been 
conducted since the 1950s [24, 25]. Subsequent research into intensive cultivation, as found 
in reviews by Goldman [26], and Tapie and Bernard [27], has investigated biomass yields 
through different production technologies and assumptions, resulting in varying degrees of 
technical and financial feasibility of microalgae production. Benemann and Oswald [28] 
highlighted the potential of microalgae production for biodiesel through production 
pathways that incorporated recycled input sources of carbon dioxide and nitrogen through 
flue gas and wastewater respectively. This review was a pivotal catalogue of the production 
technology up to that point. Most economic feasibility studies since have not been able to 
derive economically feasible production pathways. However, hypothetical studies that make 
assumptions on future production efficiencies have suggested the potential for microalgae 
as a feasible biomass for biodiesel production. 
Intensive autotrophic microalgal biomass cultivation requires substantial resources to 
achieve high rates of solar conversion and productivity yields. The two most common 
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cultivation methods are through open-pond systems or some variant of photo-bioreactors 
(PBRs) [29]. There have been substantial research findings on the much higher capital and 
operating costs of PBR, and despite the higher productivity, the resulting price of biofuel 
(assuming similar downstream processing and hence comparing costs of biomass 
cultivation) was almost two times higher than open ponds [30-32]. This has been 
contradicted by Norsker and co-workers [33] who find little consistent difference between 
the unit costs of biomass and energy between the two systems. In addition, the exposed 
nature of open-pond systems is suggested to lead to more significant water demands in 
highly evaporative climates [31] and risks of exposure to contaminative elements [34], the 
latter increasing the risk to potential productive biomass output. Campbell and co-workers 
[35] suggest that based on current productivities of algal strains, producing biofuels from 
open-pond systems is also unfeasible, but future technological and scale investments can 
overcome this. 
 
3.4. Conversion technologies 
3.4.1. Waste biomass conversion technologies 
There are different reviews focusing on effective technologies and the processes to 
convert biomass into useful liquid biofuels and bio-product [36-38]. In this paper we briefly 
describe the most common which are having in the most research interest. Key conversion 
technologies for biomass to fuel are the thermo-chemical processes such as gasification, 
pyrolysis, and liquefaction where high temperature is used to degrade the fibre. Gasification 
is the most developed and commercialised route, while liquefaction is the least developed. 
Gasification occurs at high temperatures (approaching 800 °C) to produce syngas which can 
then be reformed to liquid fuels by Fischer Tropsch synthesis. Pyrolysis and liquefaction 
occur at lower temperatures (200-350 °C); the difference being pressure (up to 350 bar for 
liquefaction). More description of the thermochemical technologies and an analysis of the 
potential production of advanced biofuels is nicely described in Sanna’s publication 
(2014) [39]. These processes generate a biocrude which must then be further treated to 
convert it to a liquid fuel. Liquefaction has a tremendous advantage in that it is feedstock 
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agnostic and can tolerate feedstocks with very high water contents, and does not require 
feedstock predrying. Waste biomass can be pre-treated to liberate glucose monomers which 
are then fermented to produce ethanol. This process is the focus of a significant 
international research effort.  
A well-established technology route used on a small scale is the production of fatty 
acid methyl esters (FAME) through various types of transesterification whereby vegetable or 
animal oils can be converted to fuel by reaction with methanol, producing glycerol as a 
waste product [40]. 
 
3.4.2. Microalgae conversion 
The most common approach to produce microalgae fuels so far has been to use 
mechanical disruption to liberate lipids by bead milling, homogenisation, and mechanical 
pressing [41, 42], followed by extraction (solvent extraction or supercritical CO2). Most 
commonly the lipids are converted to FAME via the same reaction as for waste vegetable oil. 
Liquefaction and ultrasonic-assisted extraction have also been studied. Kumar and collective 
provide a comprehensive review on various methods of lipid extraction from microalgae 
available, as well as discussion of advantages and disadvantages [43]. 
 
3.5. Methodology 
3.5.1. Collation of data on existing industry biomass waste and land-use 
Australia is a developed nation with a large amount of existing forestry, sugar, and 
other agriculture production. Australia is also vast, with both arable and non-arable land 
and it has a wide range of climates (desert, tropical, and temperate climates, Figure 3-1), 
making it a suitable case study. The population is concentrated in the south east corner with 
New South Wales (NSW), Victoria (Vic) and Queensland (Qld) being the most populous 
states (>4 million inhabitants), followed by South Australia (SA) and Western Australia (WA; 
1-2 million) and finally Tasmania (Tas), Northern Territory (NT), and the Australian Capital 
Territory (ACT; not shown in the figure due to its small geographical size). 
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Figure 3-1: Australia’s key climate groups (ACT not shown due to small geographical size; adapted 
from [44]). 
 
In order to study renewable fuel production and appropriate land use using existing 
industrial waste and microalgae, the approach has been to firstly collate information about 
the size and geographical location of existing industries which produce waste biomass, and 
hence an estimate of each region’s waste. For each industry, the cultivation area and total 
biomass data were collected at a state level from the Australian Bureau of Statistics (ABS) 
for agriculture (for each of many crop types)2, and the Department of Agriculture, Fisheries 
and Forestry (DAFF) for sugarcane3 and forestry (native and plantation)4. These statistics 
were collated and then distributed proportionally on a regional basis as a proportion of the 
total production for each industry - agriculture [45], sugarcane [46], and forestry [45]. 
                                                     
2
 http://www.abs.gov.au/ausstats/abs@.nsf/Lookup/7121.0main+features42012-2013 
3
http://www.daff.gov.au/__data/assets/pdf_file/0005/1956011/sugar-industry-reform-report-2010.pdf 
4
 http://www.daff.gov.au/ABARES/forestsaustralia/Documents/sofr2013 
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Assumptions were made that all of the total available residue/waste biomass could 
potentially be allocated for biofuels and the availability of these biomasses by state is 
proportionally consistent across the areas of cultivation. 
For regions where there is no industry producing waste biomass, much of the land is 
native forest or mountainous (e.g. south eastern Australia), which was excluded from the 
mapping activity (these maps are shown later in this article). The areas that remain are a 
range of non-arable areas and unused arable land, which may be potentially useful for 
microalgae production. Thus, the allocation of regions for potential microalgae cultivation 
were based on intersecting factors of land availability, exposure to sufficient/abundant solar 
energy, and the presence of an abundant water supply (i.e. in coastal regions [47]). The 
guiding principle applied was that for microalgae production, areas could only be used that 
were not already dominated by existing biomass production such as agriculture and forests. 
 
3.5.2. Logistical considerations 
The logistics for bringing feedstock to a biorefinery will vary depending on the type of 
feedstock, the geographical location and the local weather/climate as well as the prevailing 
industry. Before biomass can be processed, considerations include: 
 Harvesting and collection of biomass from sole suppliers (as in the sugar industry) or 
multiple suppliers (e.g. saw mills). It is more efficient when there is enough material 
to be collected from a single site without the need for collecting from a distributed 
region. Collecting biomass from the field includes the scheduling of labour, 
machinery and other equipment. 
 Loading, handling and transport. Biomass is taken to a central location where road 
transport can be used. Increasing remoteness increases transportation costs. 
 Unloading and loading to road vehicles in order to transport the biomass to central 
biorefineries, and the unloading and storage of biomass on site. 
 Biomass storage. Allen and co-workers [48] modelled intermediate storage systems. 
This system, in which the biomass had to be transported twice, resulted in higher 
delivered cost than a system in which there is only one transport movement, due to 
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the additional transport and handling cost incurred.  Some feedstocks are seasonal; 
therefore consideration needs to be made of the length of time and the large 
quantities involved, which will have influence on the total cost. 
Lakovou and co-workers [49] designed a system for the management of a waste 
biomass supply chain for energy production which includes a hierarchy of decision-making 
parameters. This system was adapted for our purposes for use in a subsequent study 
(Figure 3-2) 
 
Figure 3-2: Processing for (a) second and (b) third generation biofuel feedstocks. (optional steps 
presented by dashed lines). 
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Other factors for each biofuel feedstock include moisture content, energy density, and 
the value placed on the waste biomass by the producer. The price of the biomass can also 
be affected by availability of other fuels in the vicinity. The available data on Australian’s 
biomass feedstocks are summarised in Table 3-4 (in the conclusion part), which reports the 
amount (Mt/year) and price ($/t). 
 
3.6. Results  
3.6.1. Forest and sawmill residues  
Liquid biofuels derived from wood residues are not widely used in Australia. In 2006, 
Australia’s total forested area was 149.2 million hectares (ha) or 19% of Australia’s land 
area [50]. However only 2.0 Mha belonged to plantation forestry comprised of hardwood 
(mainly eucalyptus), and softwood, consisting of various types of pine species. An overview 
of Australia’s energy resources in 2007 estimated total forestry residues at 23 million tonnes 
per year [51]. Large amounts of forest residue can be produced in the regions of Australia 
dominated by native forest, particularly from defective trees, and the remnants of bushfires 
or diseased trees. 
Ximenes and co-workers [52] examined the proportion of above-ground biomass 
(AGB) in logs and the residues of three hardwood and two softwood species, which account 
for approximately 65% of the total volume of sawlogs harvested in Australia. The 
percentage of the AGB in forest residues at harvest ranged from 30 to 55% depending on 
the species. The average dry weight of residues left in the forest per tree ranged from 800 
to 1600 kg for hardwoods and 80 to 350 kg for softwoods. 
The following graph (Figure 3-3) compares the native and plantation forest area in 
hectares for all states and territories in Australia. The territories have minimal investment in 
plantation forestry, while the six states have significant plantations in the following order: 
Victoria and Western Australia> New South Wales>Queensland> South Australia. 
Queensland and Western Australia have the largest land area but less than 1% is used for 
plantation in both states, whereas 30% and 7% belong to native forest respectively. From 
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the perspective of forest plantation, the largest diversity occurs in south eastern Australia 
which contains the majority of the paper industry. 
 
Figure 3-3: Forest area by state [53], [54], [55] (NB: Different scales on each axis; ACT native area is 
too small to be seen (123000ha)). 
 
 
Figure 3-4: Australian forest area (adapted from [54]). 
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Sufficient quantities of accessible forestry residues are available in most states of 
Australia (Figure 3-4). The east coast of Australia (especially QLD, NSW and Victoria) is 
characterised by abundant natural and plantation forestry as a potential source of 
bioenergy. However, surveying of residues production would help to deduce sustainability 
for each sub-region. Forestry in the Northern Territory covers 23% of its total land area 
while around 53% of forest cover is in private use. The proportion of land used for forestry 
in Western Australia is only 12%. Hence there is ample opportunity for developing another 
feedstock - on unused land. South Australia’s ‘Green Triangle’(spans the area between Mt 
Gambier in South Australia and Portland in Victoria) region plantations occupy only 14% of 
the region’s land area, compared with the  72% used for agriculture [54]. 
 
Figure 3-5: The location of sawmills in Australia. 
 
Australia has numerous sawmills (Figure 3-5) mostly situated on the south east coast 
and Tasmania. The sawmill industry in Australia is a major producer of residues from the 
processing of roughly equal log volumes of softwoods and hardwoods.  A breakdown of 
residues likely to be produced from sawmills is 70% solids (slabs, edgings and dockings), 
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19% sawdust and 11% bark. Additional residues are produced from the sawn timber during 
subsequent machining, possibly in the order of 8% - 9% of the sawn wood [21]. Of the 
remaining off-cuts, 30% is used to produce woodchips and the rest is sawdust and chips. 
Australia produces 1.25 million tonnes of sawmill waste per year and many mills pay to have 
this removed [51]. Sawmill residues are likely to cost between $0-$4 per dry tonne although 
sawmills may pay for waste disposal [56]. Therefore they prove to be an attractive 
candidate for biofuels production. The estimated cost of sawmill residues is shown in Table 
3-1. 
Table 3-1: Estimated moisture contents and average price [57]. 
Type Moisture  
content  % 
Cost 
($/t wet weight) ($/t dry weight) 
Chips 53 37 79 
Bark 30 11 16 
Green sawdust 55 11 24 
Shavings 12 21 23 
 
Transport costs in Australia for sawmill residues are in the vicinity of $4.69-
$9.17 per dry tonne for a distance of 10 kilometres [57] although this cost depends on the 
type of residue. 
The delivery of forest residues to a central location is a key activity which includes the 
collection of residues, transportation and storage for up to six months. Moreover, the 
delivery is affected by seasonality and the conversion process. Hall and co-workers [58] 
compared seven different biomass delivery systems for forest residues in New Zealand. 
Landing residues (residues after whole felled trees are transported to a landing site) were 
cheaper than cutover residues (residues throughout the stand when trees are processed at 
the stump), because cutover residues need to be collected and then transported to the 
forest landing or roadside. Forestry is sensitive to moisture content and bulk density which 
causes costs to vary up to 9%. Storage of wood is another significant expense Table 3-2 
summarises some key considerations which can prolong storage time. 
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Table 3-2: Primary considerations for handling lignocellulose materials. 
Issue Solution 
Contamination and hygiene Concrete floors 
Moisture  Sealed containers, roofed bunker 
Overheating and biological degradation Monitoring temperature and moisture 
Particle size Screening 
 
The storage of wood chips for the pulp and paper industry was the subject of intensive 
research many years ago, but the prospect of renewable energy has brought renewed 
interest in recent times. Slaven and co-workers [59] pointed out factors causing the 
degradation and decomposition of wood biomass during storage, and suggested important 
prevention strategies to mitigate the issues. 
In the future, expansion of forestry into drier environments for the dual purpose of 
wood production and environmental rehabilitation may provide significant quantities of 
biomass for energy and biofuels production [60]. 
 
3.6.2. Bagasse and cane trash 
Bagasse is available for about half of each year from Australian sugar mills. In 
Australia, there is in excess of 10 million tonnes of bagasse potentially available for the 
manufacture of pulp. Rainey and co-workers [61] summarised the quantity of sugarcane 
crushed in each region and the potential quantity of depithed bagasse (Table 3-3). Some 
sugar mills value bagasse around $40 per dry tonne, which presents bagasse as a low cost 
raw material when compared to wood [46]. 
An important transport consideration for bagasse is its bulky nature, which makes 
transport potentially expensive. Bagasse has an advantage over some other feedstocks in 
that it is already collected at a central location (i.e. at the mill), so there are few additional 
collection and transport costs. Hodgson and Hocking [62] reported that the cost of 
transporting bagasse from one site to another was $11 per tonne. The concentration of 
sugar mills in northern Queensland in the Mackay, Bundaberg, Herbert and Burdekin regions 
is higher than in other regions (Figure 3-6). These areas offer the best prospects for a 
biofuels facility based on bagasse. In Table 3-3 it can be seen that Mackay has the highest 
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quantity of bagasse and is also well supported by infrastructure and has low transport costs. 
The New South Wales region is less attractive, as it has the smallest fibre supply and 
relatively high transportation costs.  
Table 3-3: Potential availability of bagasse by region [63]. 
Region Cane crushed (million t/a) Dry bagasse potential 
 (dry tonnes per year) 
Northern  7.8 856 700 
Herbert  4.0 439 400 
Burdekin 8.6 946 400 
Mackay  10.0 1 098 500 
Bundaberg 3.9 429 000 
NSW 2.3 252 200 
 
Pre-processing of the original biomass feedstock to change the energy density can 
decrease the price of transport and storage. Hobson [64] compared costs for the road 
transport and storage of raw bagasse and bagasse pre-processed torrefaction followed by 
pelletisation (TPB) for mills of four varying distances. Torrefaction is a thermal pre-
treatment technology to upgrade ligno-cellulosic biomass to a higher quality and more 
attractive biofuel [65] - oxygen is removed, and torrefied biomass has a lower O/C ratio 
when compared to the original biomass. Hobson indicated a transport cost saving of over 
30% for TPB when compared to raw bagasse for long distance haulage, although TPB was 
more expensive to transport than raw bagasse for distances less than 100 km.  
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Figure 3-6: Sugar cane regions in Australia (adapted from [66])  
  
3.6.3. Agricultural residues 
Quantifying the amount of feedstock from agricultural residues was problematic 
owing to the broad number of crop types which vary from state to state, the differences in 
farming and processing, and production data for each crop being reported by different 
organisations. The amounts of agricultural residues available per hectare vary with crop 
type, thus affecting the cost of collection and transportation to biorefineries. Not all crop 
residues are of equal value, considering the chemical composition varies, thus affecting the 
yield of conversion to biofuel.  Not all of the non-grain biomass of a particular crop will be 
available for collection for biomass energy production, because most farmers will retain 
some straw to provide soil cover to prevent wind and water erosion, and to help maintain 
soil carbon and recycle nutrients [67]. Hess and co-workers [68] describe a strategy for 
reducing the amount of unattractive residue components shipped to centralised 
biorefineries by an in-field physical fractionation.  
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Figure 3-7 (adapted from [69]) shows large cropping areas in the eastern, southern 
and western areas of Australia. From the map it can be seen that high productivity mainly 
occurs in the northwest of Victoria, and also around the Yorke Peninsula and lower north 
and outer Adelaide areas of South Australia, and in the west of New South Wales. In an 
average year, these areas have > 500 kt stubble within a 70 km radius, but only 21 Mt of the 
total stubble production is potentially harvestable [70]. There remains an opportunity for 
storing agricultural fibres together with forestry residue when the two industries are in close 
proximity.  
 
 
Figure 3-7: Agricultural residues in Australia (1983 – 2005; adapted from [69]). 
 
There has been little research into the potential delivery system for straw. In Europe 
large rectangular bales are used for transportation. Allen and co-workers [48] modelled five 
supply systems for straw, and showed that large Hesston rectangular bales have 
substantially lower delivered costs than systems involving the production of small 
rectangular bales or roll bales.  However, large bales require specialised and relatively 
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expensive machinery. Bale weight is approximately 500 kg for Hesston bales but depends on 
the moisture content, packing density and size.  
Straw can be stored and dried outside only in the summer (it is grown in non-tropical 
climates which are dry in summer). Internal storage requires good ventilation, stock must be 
raised off the floor on pallets, as even concrete floors can transmit moisture by capillary 
action, and must be kept inside a building where there is no possible moisture 
contamination. If the straw is wet it starts to grow mould, it can also begin to ferment and 
can then spontaneously combust. However, it can keep for up to a year without issues if 
stored correctly. 
Several researchers proposed supply chains for the optimal processing of agricultural 
residues, taking into account the contributions of the cost of production, harvesting, 
collection, transportation and storage [71-73]. Kumar and co-workers [71] concluded that 
the production cost method essentially reflects the minimum amount a farmer has to be 
paid for the agricultural residues, with the estimates based on the maximum acceptable 
price defining the upper limit up which the energy end-user can pay for the agricultural 
residues. There is also a need to address cultural and social issues, as farmers’ own attitudes 
and those of their peers will influence their management of residues [74].  
 
3.6.4. Microalgae 
Australia is an increasingly popular target locale for microalgae research. This is due to 
benefits pertaining to climate, solar insolation, and the availability of vast land areas of 
marginal/low agricultural value [13, 75, 76]. Griffin and co-workers [77] suggested that 
Asian-Pacific countries would benefit more from importing microalgal biofuels from 
Australia rather than cultivating their own microalgae due to these inherent benefits. There 
is currently no large-scale intensive microalgae production in Australia [75]. Current 
cultivation of microalgae for biofuels has been for mostly pilot and research activities, with 
many airline companies funding such programs for developing alternative aviation fuels 
[78], and commercial producers with as yet unreleased production data [77]. 
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Hypothetical studies have only been able to suggest potential economic feasibility 
through assumptions for future developments in productivity and efficiency, with current 
technologies suggesting a much higher production cost than the fossil fuel diesel prices. This 
is also consistent with studies outside Australia. The lowest cost estimate for an Australian-
based analysis was US$0.63 per litre of biodiesel, albeit with optimistic assumptions for 
growth rate and lipid yield [79]. US-based estimates were between US$3.54 to 8.94 per 
litre5 based on the production system (i.e. open-pond or PBR with same downstream 
processing) [80]. As for algal oil production, Davis and co-workers [30] estimated the lowest 
cost being between US$0.80 to 1.30 per litre (using open-ponds), again with optimistic 
potential future yields; current production yields produced an algal oil price of US$2.25 to 
4.78 per litre. The corresponding diesel price was similar to Richardson and co-workers [80] 
at US$ 2.60 to 5.42 per litre (with PBRs yielding the higher estimate). 
There has been much discussion in the literature relating to microalgae biomass 
cultivation (most often for biofuels), and the associated opportunities and limitations 
thereof. Factors related to water and energy demand have been significant in determining 
the feasibility of the biomass production. Although touted much for its ability to grow in 
saline [79] and wastewater [81], the costs involved in pre-treating and transporting the 
water resource have been highlighted as a potential limitation [82]. Lundquist and co-
workers [83] had estimated that water provision can make up as much as 6-7% of the total 
cost, which is significant considering a majority of that cost is from piping and 
transportation. Yang at al. [84] discussed that the significant water costs (footprint) can be 
reduced with improved growth and lipid accumulation rates, although these two factors are 
counteractive. Additionally, the need for high solar irradiation to encourage biomass growth 
also has a correlation with water loss from evaporation in open-ponds. In the use of saline 
and wastewater, here recycling can reduce the water requirements by up to 90% [84], there 
is, however, increased risk associated with the contamination of the cultivation culture [82]. 
There have been a number of studies estimating the net energy return from 
microalgae biomass production, testing various cultivation, harvest, and drying 
technologies. The energy ratios have also often accounted for transport energy for 
                                                     
5
All US based studies were converted from gallons to litres using 1 gallon = 3.7854118 litres. 
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fertilisers, water, and other related inputs. In comparing open ponds and PBRs, the former is 
most often found to have a more efficient energy ratio, with only Sander and Murthy [85] 
finding otherwise due to their relatively higher value estimates. Open ponds were also 
generally found to have less energy intensive cultivation, with more significant energy costs 
coming from the harvesting and drying stages of the biomass production, increasing the 
energy ratio as much as ten-fold [82, 86, 87]. In contrast, the more controlled environments 
associated with PBRs resulted in significant energy costs for cultivation, causing an 
inefficient energy ratio; the majority of energy costs were attributed to construction and 
culture circulation [32, 88]. Slade and Bauen [82] add that assuming the majority of the 
energy in the production is derived from fossil fuels, the net carbon emissions from biomass 
production are positive, and more significantly so for PBRs. 
 
3.7 Discussion 
There are challenges in the commercial transition to second generation biofuels 
produced from lignocellulosic feedstocks. These include the supply of the potential 
feedstock, associated logistics, and the cost of conversion. While the latter two factors are 
important to the success in commercial production of lignocellulosic biofuels, this study 
found that the potential supply sources of feedstock are most important in determining the 
location of feasible biorefineries. Large quantities of biomass are required to meet current 
and future transport fuel demands. 
Figure 3-8 below illustrates the potential availability of second generation feedstock 
by state. This was estimated based on the state-based proportion of land use and total 
national feedstock availability for agricultural waste [45], sugarcane residues [46] and forest 
waste [45, 89]. Based on current production, the east coast of Australia (Qld, NSW, Vic) 
appears to have the greatest potential for second generation biofuel production. The 
availability of arable land and ideal climate conditions have resulted in the majority of the 
agricultural production, including sugarcane, being produced in this region. Queensland in 
particular has the highest potential for generating biofuel from sugarcane waste. In 
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contrast, the availability of feedstock in WA is about half that of the east coast; this is even 
lower (5-10%) in the northern and southern regions. 
 
Figure 3-8: Second generation biomass production in Australia by state (ACT excluded). 
 
Despite ACT containing some agricultural land and a large area of national 
conservation parks (almost 88% of the total land area), the availability of feedstocks was 
negligible; hence ACT was excluded from the figure. At the lower end of the availability 
spectrum, NT and Tasmania have some proportions of forestland that at first glance, could 
provide a source of biofuel feedstock; Tasmania in particular is renowned for its forest-rich 
landscapes. However, a large proportion of these forestlands are inaccessible for the 
collection of waste biomass. More than 50% of Tasmania’s forests are nature conservation 
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reserves (33%) and multiple-use forests (30%) where harvesting is not permitted [90]. 
Similarly, NT is sparsely covered by accessible forestry with the remainder mostly held in 
private and leasehold tenure use for grazing. 
Unlike the case with second generation biofuel feedstocks, there are no large-scale 
microalgae cultivation facilities in Australia and hence, a similar data analysis for potential 
availability could not be conducted. 
The regional suitability of each feedstock is summarised in Table 3-4 and potential 
land use is shown in Figure 3-9, which highlights the spatial distribution of potential 
feedstocks. The distribution of second generation feedstock is based on location of existing 
cultivation, and therefore potential areas of waste biomass availability, with the assumption 
that all available biomass is potentially available for biofuels. The spatial distribution on 
feedstocks as shown in Figure 3-9 can be used to assess the feasibility of prospective 
biorefineries locations. Geographical locations demonstrate the potential utilisation of a 
diversity of supply sources that can extend the operating period of biofuel production.  
Hypothetical studies pertaining to Australian-based microalgae production have 
suggested southwest of Broom in WA as a suitable region based on climate conditions [79, 
91], with particularly high solar radiation and low average rainfall. There has also been 
indication of other regions in Australia as being potential cultivation regions e.g. NT and 
northwest Queensland [47]. Factors such as ownership, affordability, and restrictions from 
cultivation systems have been suggested as those which will affect the potential availability 
of land for microalgae cultivation, but only as secondary and tertiary to climate and land 
topography [91]. Thus, the allocation for potential microalgae availability in Figure 3-9 is 
based on the most suitable regions for microalgae cultivation stemming from these various 
intersecting factors. 
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Figure 3-9: Potential feedstock growth regions. 
 
The development of microalgae-based biofuel technologies does present potential for 
future biofuel production. This is especially applicable to regions outside of the east coast 
that have substantial areas of unutilised coastal land, such as in WA. These land areas are 
generally plagued with inadequate land and climate conditions for terrestrial agriculture and 
forestry, but are suitable for artificial microalgae cultivation. This highlights one of the major 
benefits of intensive microalgae cultivation in artificial environments, where ideal land and 
climate conditions are not essential for cultivation [13, 75, 76]. 
However, there is a relationship between ideal climate conditions and achieving 
maximum biomass production, both in terrestrial and artificial environments that depend 
on autotrophic photosynthesis. The prevalence of agriculture and forestry in the east coast 
can be attributed to both the highly suitable land type and the climate. This suggests that 
both arable land and ideal climate are subject to scarcity and therefore, will play a key role 
in land use selection for biofuels. Transitioning away from existing terrestrial cultivation 
raises opportunity costs, especially for agriculture and food production. 
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For microalgae cultivation, ideal climate conditions would allow for maximum growth 
rates to be realised, particularly for open pond systems. Achieving high biomass growth 
rates of microalgae has been highlighted as a major factor that can determine the financial 
feasibility of microalgae production for biofuels, given high harvesting and conversion costs 
[79]. An assessment of microalgae cultivation locations by Borowitzka et al. [91] had 
detailed the climate conditions to include exposure to solar irradiation, net evaporation 
rates, and temperature.  
The selection of regions for microalgae cultivation requires an economic analysis of 
the related trade-offs, including with existing biomass industries. Although microalgae 
production appears possible in regions that do not compete with existing 
agriculture/forestry (e.g. away from coastal land), the cultivation operations will potentially 
be unable to realise the high growth rates and low upstream/cultivation costs compared to 
areas with ideal climate characteristics, which may have existing terrestrial cultivation. 
Developing microalgae production in ideal regions in the east coast raises opportunity costs 
in replacing existing agricultural and forestland particularly in terms of resource reallocation, 
food production, and ecosystem services; despite the potential to eclipse second generation 
feedstock production for bioenergy by over 7 times in the east coast, and 20 times on 
average across the country6. Therefore, this review finds that regions in WA and NT (as 
outlined in Figure 3-9) are the most suitable locations for development of microalgae 
cultivation for biofuels due to the availability of unutilised land and preferable climate. 
The approach presented in this article can be used as a foundation to better 
understand the regional availability of biomass feedstocks and the potential for microalgae. 
The authors believe that the approach and rationale used in the analysis can be applied at 
local, national and international scales. A large amount of data was collected for Australia as 
a case study and this data suggests some opportunities for the geographical location of a 
local biorefinery based on forestry, agriculture or sugarcane waste or microalgae.  
                                                     
6
 This estimate is based on conservative open-pond growth rates (20g/m
2
/day) [62]. 
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Table 3-4: A regional suitability comparison of second and third generation feedstocks and their prices. 
Feedstock 
Region offering 
the best 
prospects 
Least attractive 
location 
Estimated 
Australian 
production amount 
(Mt/year) 
Estimated 
price of 
transport 
($/t /km) 
Potential 
feedstock price 
($/t oven dry 
weight) 
Seasonality Advantages Disadvantages 
Sugar cane Bagasse North of 
Queensland 
(Mackay, 
Bundaberg, 
Herbert, 
Burdekin) 
New South Wales 
 
10.6  
[22,46,51] 
$ 5-$7/t per 
30km 
 
$11/t [62] 
 
$40/t [66] 6 months 
production, 
 
Sustainable for 
storage 
Cheap 
 
Proximity of the 
mill: no additional 
collection and 
transport cost 
 
Cane waste is not 
used for sugar 
extraction 
Sustainable land use 
Low emissions 
[45,46] 
 
Bulky nature of 
bagasse makes 
transport more 
expensive 
Risk of biological 
contamination 
during storage 
[45,46] 
Cane trash Based on sugar 
cane crops Area 
[66] 
Based on sugar 
cane crops area 
[66] 
9.25 [46,51] N/Ad US5-6b [81] 
Forest Sawmill residues South east of 
Queensland, 
Tasmania, 
Victoria, South 
Australia, New 
South Wales, 
South Western 
Australia 
 
Northern 
Territory, North 
Queensland, North 
Western Australia 
 
1.3a [45] 
 
$4.7-
$9.2/t/10km 
[59] 
 
$12-$40/t per 
50-200km [19] 
 
10-60c [19] 
 
Available whole 
year 
Sawmills are 
currently paying for 
waste disposal 
 
Sustainable land use 
 
Low emissions 
[19,45,52,57] 
Collection and 
transport expensive 
due to location of 
the resources 
Storage 6 months 
[19,45,52,57] 
Forest waste Based on wood 
waste facility 
location [19] 
Based on wood 
waste facility 
location [19] 
2.7* from native 
forest 
2.1* from plantation 
$14-$45/t per 
50-200km [19] 
 
60-120c [19] 
 
Agricultural 
wastes 
 
 
East, south and 
west coast, South 
Australia and 
Central West of 
New South Wales 
 
Based on the 
spatial 
distribution of 
stubble 
production for 
years 1983-2005 
[69] 
Northern 
Territory, North 
Queensland, North 
Western Australia 
 
Based on the 
spatial distribution 
of stubble 
production for 
years 1983-2005 
[69] 
53a [45] 
 
$15-$45/t per 
50-200km [19] 
55-70c [19] 
 
Seasonal 
production 
 
Suitable for 
storage 
Large amount 
available 
 
Sustainable land use 
 
Low emissions 
[42,45,56,70] 
Loss of nutrients  
Low amount per 
hectare: increases 
collection and 
transportation cost 
Need an in-field 
physical 
fractionation to 
remove 
unattractive residue 
components 
Storage, biological 
contamination 
[42,45,56,70] 
Algae  Pilbara, WA; 
Northern QLD; 
Southwest WA, 
Southeast NSW 
No current 
commercial 
 Potential 
estimates $80-
Potential year-
round production 
High growth rate 
 
New technology, 
lack of risk data to 
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Borroloola, NT Low solar 
insolation . 
[92] 
NSW 
High agriculture 
and forestry 
production 
 
$1300 [83] 
 
Can be grown in 
saline or hypersaline 
water, not 
competing with 
agriculture for 
limited freshwater 
resources 
Less potable water 
demand than land 
crops 
 
Can be located on 
marginal and non-
arable land 
 
High efficiency CO2 
sequestration 
 
Nutrient fixing 
(N&P) of 
wastewater  
No 
pesticides/herbicides 
used 
 
warrant investment 
 
Risk of yield loss 
by biological 
contamination 
 
Harvesting algae 
and separating oil 
is energy-intensive 
 
Salt precipitation 
on the bioreactor 
walls, pumps and 
valves [93, 94] 
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3.8. Conclusion 
Second and third generation biofuel feedstocks were studied in order to identify their 
regional suitability, taking into consideration land use, existing biomass industries, the 
relevant conversion technologies, and using Australia as a case study. The study included 
the collection of a large amount of detailed information on the biomass industries for the 
case study and a detailed mapping activity was conducted. For areas with existing 
agriculture and forestry, second generation biofuels appear to be more attractive than 
microalgae, based on opportunity costs of resource reallocation. Second generation biofuels 
have the best opportunities where there are areas of arable land and suitable climatic 
conditions. For Australia, this is particularly true in NSW, Qld and Vic. The best regions for 
microalgae are in regions that are coastal, warmer, and non-arable as these regions are less 
likely to have existing biomass industries and yet have access to water. However, this 
suggests that growth rates may be less than the optimal rates based on the climatic 
conditions of the regions which are identified as being the most suitable. For areas with 
existing agriculture based on operation cost, investment should be directed towards second 
generation biofuels. With further improvement in costs for microalgae production, 
microalgae cultivation may be warranted in areas that have available water and abundant 
unutilised, non-arable land. 
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Abstract 
Globally, microalgae has gained attention as a potential bioenergy feedstock because 
of its ability to supply a significant proportion of world energy. The hydrothermal 
liquefaction process (HTL) is well-suited to wet biomass, (such as microalgae) as it greatly 
reduces the energy requirements and costs of dewatering and drying. This article presents 
experimental analyses of chemical-physical properties of bio-crude oil produced via HTL 
using a high growth-rate microalga Scenedesmus sp. The viscosity was significantly closer to 
regular diesel and biodiesel standards than transesterified microalgae biodiesel. HTL bio-
crude’s high density (0.97-1.04 kg/L) and its viscosity (3.61-3.37 mm2/s) had similarity to 
marine heavy fuels; although HHV was lower (29.8 MJ/kg). The chemical analyses were 
performed for a range of operating parameters and not just the optimised conditions- the 
bio-crude was composed of aromatics and heterocyclic compounds. The bio-crude was 
comparable with FAME biodiesel in terms of H/C ratio. Reaction temperature was explored 
in the range 280-350 °C and bio-crude oil yield reached a maximum of 33.6% at 350 °C. 
Slurry concentration was explored in the range of 15%-30% and the yield varied between 
28.9% - 33.6%. Two solvents (dichloromethane and n-hexane) were used to recover bio-
crude oil, affecting the yield and chemical composition of the bio-crude.  
KEYWORDS: Microalgae, HTL, bio-crude, bio-crude properties, biofuel. 
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4.1 Introduction 
Microalgae are of considerable interest for the production of next generation biofuels 
[1, 2] that are indistinguishable from petroleum fuels based on their properties [3]. This is 
because using microalgae for biofuel production would have fewer adverse effects on food 
supply and other agriculture [4, 5] as they can be cultivated on non-arable land using fresh, 
waste or saline water sources and enable more efficient nutrient recycling and achieve 
higher productivities [6, 7]. Australia has great potential for microalgae production due to 
abundant non-arable land, a sunny climate and fair access to water in some large regions 
[6].  
A range of conversion techniques are under development to generate biofuels from 
microalgae. These include solvent extraction followed by trans-esterification to produce 
Fatty Acid Methyl Esters (FAME), fermentation to alcohols, as well as thermochemical 
conversion pathways such as pyrolysis and hydrothermal liquefaction (HTL) [8, 9] to produce 
bio-crude oils. HTL efficiently converts wet microalgae biomass feedstock into bio-crude oil 
[10-12] as it eliminates the need for expensive pre-drying of the raw material. Compared to 
trans-esterifying lipids obtained from microalgae by solvent extraction, HTL has the 
potential to require less energy for the conversion process which would improve production 
costs [13]. The high solvent losses associated with FAME production means its financial 
viability is directly related to the lipid content (high lipid content being better) whereas HTL 
can make use of more highly productive microalgae species (i.e. more tonnes per hectare) 
which have higher carbohydrate content, lower lipid content and the potential for 
additional co-products [14]. These advantages of HTL make it a competitive route for the 
conversion of raw microalgae biomass to fuels [10-12].  
HTL converts microalgae biomass into bio-crude oil as well as aqueous, gas and solid 
phase products at elevated pressures (5-24 MPa) and moderate temperatures (250-400 °C) 
[15, 16]. A wide range of microalgae biomass feedstocks has been explored using HTL, 
including laboratory and commercially grown strains Botryococcus braunii [17], Arthrospira 
(Spirulina), Scenedesmus sp [18]. and Tetraselmis sp. [2]. Among the green microalgae the 
most common Scenedesmus sp. has high productivity although the lipid yield can be 
optimised to reach over 60% [19], which makes this strain attractive for biofuel production. 
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In general, the variation in the biochemical composition, particularly the carbon chain length 
and the degree of saturation, affects the conversion rate and the chemical-physical 
properties of the HTL bio-crude [20, 21].  
The effect of operating conditions such as residence time, temperature, slurry 
concentration and catalyst, on physical and chemical properties of microalgae HTL bio-crude 
have been investigated previously in limited studies [22-25]. In this study, three 
temperatures and slurry concentrations were investigated in the range 280-350 °C and 15-
30% respectively; temperature and concentration, as well as reaction time of 60 min was 
based loosely on literature [10, 23]. Higher temperatures were not explored so as to remain 
below water’s supercritical point (ensuring minimal equipment corrosion). Jena et al. [23] 
demonstrated that among the various process parameters the temperature had the 
strongest influence on the higher heating value (HHV), viscosity and chemical composition. 
HTL produces bio-crude oil that by weight can have 6 to 8 times higher oxygen and nitrogen 
content than heavy fuel oil (HFO) [26]. The inorganic salts in many types of HTL bio-crude oil 
require modifications to be compatible with a traditional refining process [2, 10, 27, 28]. 
Bio-crude oil may also need subsequent upgrading to improve quality and reduce these 
undesired components. 
Previous studies have investigated HTL of microalgae by focusing on the optimization 
of the operating parameters to maximize bio-crude oil yield and to report the chemical and 
physical properties of the bio-crude oil under optimized conditions only- and most 
commonly via correlations that weren’t developed for biocrudes. Other studies have been 
restricted in their ability to experimentally measure the physical properties of the bio-crude 
oil because of the limited sample sizes generated from smaller laboratory reactors. The aim 
of this study was to conduct more comprehensive experimental analyses with three key 
objectives; (i) to empirically investigate the relationship between the reaction parameters 
and experimentally determined values for bio-crude oil’s physical properties, (ii) to evaluate 
how the chemical composition varies with operating conditions, and (iii) to identify the best 
possible fuel physical and chemical properties of microalgae HTL bio-crude. Both physical 
and chemical properties are needed to meet legislated diesel and FAME biodiesel standards.  
This dual analysis was achieved by producing bio-crude oil in a reactor 1-2 orders of 
magnitude larger was used than in similar work, allowing a greater range of experimental 
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tests including destructive testing (e.g. HHV by bomb calorimeter), viscosity and density 
rather than relying on literature correlations. In further analysis, the physical properties of 
the optimal bio-crude were compared with other fuel standards to determine the 
similarities and reveal areas for improvement. As part of the course of this study, bio-crude 
yield was also investigated in order to determine the optimum conditions from a financial 
perspective; this is reported first. 
 
4.2 Materials and methods  
4.2.1 Hydrothermal liquefaction (HTL) 
The experiments were performed in a 1.8 L batch reactor system (Parr Instruments 
Co.) and data were collected across three physical variables: temperature, slurry 
concentration, and solvents for recovering the bio-crude from the liquid mixture. The 
experimental temperatures used were 280 °C, 300 °C and 350 °C, and solid concentrations 
in the slurry were 15%, 25% and 30% by weight. When loading the reactor, the headspace 
was purged thoroughly using nitrogen to remove oxygen, and pre-pressurised to 2 bar with 
nitrogen gas. The reactor was heated to the desired temperature and held constant for one 
hour which is the most frequently applied time in the literature [23, 29-33]. At the end of 
the reaction time, the reactor was cooled by passing water through an internal cooling tube 
until room temperature was reached. Experiments were performed in duplicate and the 
average yield of two runs is reported.  
After the gas was vented from the reactor, the vessel was opened and the mixture 
was separated (following the steps in Figure 4-1). The walls of the reactor were washed 
thoroughly with solvent (dichloromethane or n-hexane). The amount of solvent added was 
determined as the volume of the solvent per mass dry weight of algae. The solid phase was 
removed from the liquid mixture by vacuum filtration before being washed with the 
remaining solvent. The solids were then oven-dried at 105 °C overnight.  
The liquid phase mixture was poured into a separating funnel and the water-insoluble 
components separated. The solvent was evaporated from the bio-crude by vacuum 
evaporation.  
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Figure 4-1: Product recovery procedures after liquefaction. 
 
4.2.2 Raw materials  
A robust and fast growing green freshwater microalga Scenedesmus sp. which had 
been isolated as part of previous work [34] was used for these experiments. The 
Scenedesmus sp. bulk biomass was obtained from the University of Queensland’s Solar 
Biofuels Research Centre as high density slurry which was frozen and stored at -20 °C, 
directly after harvest. Proximate analyses were performed according to American Society 
for Testing and Materials (ASTM) standards and using a thermo-gravimetric analyzer (TGA–
NETZSCH thermal analyzer). Ultimate analyses were carried out using a LECO TruSpec Micro 
CHNS elemental analyzer (Table 4-1). The HHV of the dried microalgal sample was calculated 
 
Liquefaction of biomass slurry 
Products mixture 
Gas fraction 
Liquid and solid fractions 
Washing with solvent 
Vacuum filtration 
Solid residues Liquid fractions  
Organic phase  
Addition of solvent/ phase separation 
Aqueous phase 
Solvent removal Solvent removal/  
Vacuum evaporation 
Solvent fraction  Bio-crude oil product  
Water soluble fraction  
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according to the formula used by Demirbas [35] and Friedl [36], which were 18.07 MJ kg-1 
and 19.5 MJ kg-1 respectively for Scenedesmus species microalgae. 
 
Table 4-1: Microalgae proximate and ultimate analyses data. 
Ultimate analyses  Proximate analyses 
Element Percentage  
of weight 
Composition Percentage  
of weight 
C 46.3 Fixed carbon 24.8 
H 6.9 Volatiles matter 67.3 
O 32.3 Ash 3.2 
N 7.3 Moisture 4.6 
S 2.3   
 
4.2.3 Analytical methods 
The conversion and product yields were defined as the mass fraction of the respective 
product (i.e. bio-crude and solid residue) as a function of the initial mass of biomass. For 
approximation, the total yield of gas + aqueous products were determined by difference 
according to the approach commonly used in the literature [e.g. 37]. 
Solid residues (wt %) = (
mass of solid residues
mass of raw material 
) x 100 …………………….. (1) 
Bio-crude yield (wt %) = 
mass of bio−oil
mass of raw material
 x 100 …………………….. (2) 
 
4.2.4 Bio-crude properties measurements 
The chemical and physical bio-crude properties such as higher heating value (HHV), 
viscosity, density and chemical composition were measured experimentally. HHV of the bio-
crude was measured with a Parr 6200 compensated jacket calorimeter. A Brookfield DV-III 
ultra-programmable rheometer was used to measure the viscosity of the bio-crude at 
constant temperature. The accuracy of the rheometer for viscosity measurements is ±1.0% 
of full scale range for a specific spindle running at a specific speed. The density of the bio-
crude was measured using German industrial standard (DIN) 1306.  
Gas Chromatography with Mass Spectroscopy (GC-MS) was used to identify the 
chemical compositions in the bio-crude samples. GC-MS analyses were performed using a 
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Thermoscientific, Trace 1310 system, equipped with a single quadrupole mass selective 
detector (ISQ). Each sample was dissolved and diluted in dichloromethane. The injector was 
set to 260 °C and a Thermo TG-5MS (30 m long, 0.25 mm ID, 0.25 mm film) column was 
used. The oven was programmed at an initial temperature at 50 °C (held 1/min) then heated 
at a constant rate of 10 °C min-1 until a temperature of 250 °C was reached, and then held 
for 9 min with a split ratio of 1:25 and a column flow of 1.4 mL min-1. The MS detector 
scanned from 40-400 m/z with a solvent cut time of 1.8 min and the ion source and transfer 
line temps were both set at 250 °C. The carrier mode was set to constant flow. 
 
4.3 Result and discussion 
To investigate the influence of reaction conditions on product yields, HTL was 
conducted using a range of reaction temperatures, solid concentrations, and two types of 
solvents (dichloromethane and n-hexane) to recover the bio-crude.  
 
4.3.1 Influence of solvents in product separation 
After completion of HTL, the bio-crude must be separated from the aqueous and solid 
phases. The most common solvents reported in the literature, with a focus on maximising 
bio-crude yield are the organic solvents dichloromethane, chloroform, acetone and n-
hexane [22, 33, 38]. However, there was insufficient information about the effect of these 
polar and non-polar solvents on the bio-crude quality. The data presented in Figure 4-2 was 
obtained from experimental runs with 25% slurry concentration at 350 °C for 60 min in 
nitrogen atmosphere. 
Suitable nonpolar (n-hexane) and polar (dichloromethane; DCM) solvents were 
selected based on previous studies and the product yields and chemical composition were 
compared (see section 4.3.4). For the same algae species, and under identical reaction 
conditions, bio-crude yield varied from 31.2% (wt.) with n-hexane to 33.6% (wt.) with DCM. 
This differed from the results of Valdez et al. (2011) who obtained the highest bio-crude 
yield (39%) with nonpolar solvents (hexadecane and decane) and the lowest value with 30 % 
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DCM for Nannochloropsis sp. at 350 °C for 60 min [33]. This supports the view that both 
biomass properties and the solvent type used for separating products after HTL has an 
influence on bio-crude recovery. However, as n-hexane has a higher boiling point than DCM, 
this could lead to higher losses of volatile compounds during the evaporation process and 
this could possibly account for the small difference (2.4%). Despite this, DCM was used as a 
solvent of choice for product separation in all subsequent experiments. 
 
 
Figure 4-2: Effect of solvent on the recovery of bio-crude, solids and gas + aqueous components 
after HTL treatment (350 °C, 60 min, 25% slurry concentration).  
 
4.3.2 Effects of reaction temperature on yield and HHV 
The effect of three different temperatures (280, 300, 350 °C) was investigated using a 
60 min reaction time and a nitrogen atmosphere at an initial pressure of 2 bar (Figure 4-3). 
Bio-crude yield increased with temperature from 24.5% at 280 °C to 32.5% at 300 °C and 
reached a maximum of 33.6% at 350 °C, in the range analysed. Similar results for 
temperature’s influence on bio-crude yield have been reported recently [22, 23, 31, 39]. The 
HHV was characterized for bio-crude generated at temperatures of 300 °C and 350 °C only, 
due to an insufficient amount of bio-crude at 280 °C. The HHV followed the trend of bio-
crude yield; it increased from 26.1 MJ.kg-1 to 29.8 MJ.kg-1, which was approximately 50% 
higher than in the original microalgae biomass. The solid residue yield decreased gradually 
from 20.1% to 15.3% with rising temperature suggesting organic conversion mostly into the 
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aqueous and gas phases. These outcomes generally support processing at the higher 
temperature range where bio-crude yield was maximized. Higher temperatures than these 
were not investigated because of potential corrosion issues related to supercritical fluids. To 
this end, 350 °C was used for future experiments.  
 
Figure 4-3: Influence of the reaction temperature on products yields at 25% solids concentration 
and 60 min reaction time in nitrogen atmosphere (2 bar at commencement).Values are for yield 
data. 
 
4.3.3 Effect of solid concertation on yield and HHV 
Liquefaction of Scenedesmus sp. was conducted at 350 °C for 60 min in a nitrogen 
atmosphere using a range of algae slurry concentrations between 15 to 30% by weight 
(Figure 4-4). These results show that the solid concentration of algae slurry had a modest 
effect upon the bio-crude yield (ranging between ~28.9-33.6%) and HHV (26.5–29.8 MJ.kg -1) 
with the highest yields and HHV observed at 25% biomass concentration. However, the 
slurry concentration did have a significant effect upon chemical speciation (see 
section 4.3.4). A similar trend for bio-crude and the water soluble fraction was reported by 
Jena et al. (2011). The fact that bio-crude yield peaked at the 25% slurry concentration 
suggests that the substrate was limiting at lower concentrations and that H+ and OH- ions 
responsible for liquefaction become limiting at higher concentrations [23]. The presence of 
active hydrogen formed from the water under HTL conditions stabilizes the biomass 
liquefaction intermediates. This prevents formation of more new compounds that do not 
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decompose easily, producing a higher yield of bio-crude [40]. The yield of the gas + aqueous 
fraction ranged between 51.1% - 60.6% over the slurry solid concentration range tested and 
the lowest yield 51.1% was observed at 25% solid concentration which corresponded with 
the highest bio-crude yields. Solid residues increased from 10.5% to 17.1% with slurry 
concentration due to the increase of solid mass fraction in the slurry. This corresponded 
with the report of Jena et al. [23] where solid residues had a small increase (5.4% - 7%) with 
solids concentration in range from 10%-50% [23].  
 
Figure 4-4: Effect of slurry concentration on the recovery of bio-crude, solids and gas + aqueous 
components after HTL treatment (350 °C, 60 min). Standard deviations are based on 2 replicates; 
values provided are for yield data. 
 
4.3.4 Chemical characterisation of bio-crude oil 
The chemical composition of each bio-crude oil sample was characterized by GC-MS. 
Due to the complex composition of the bio-crude oil only abundant compounds were 
evaluated based on the peak areas (defined by the percentage of the chromatographic area 
of the compound out if the total area). GC-MS revealed distinct amounts of chemical 
compounds which consisted of more than 2% of the total area within the retention time 
range of 3–34 min. Around 64 compounds were identified which accounted for 
approximately 80-90% of the total peak area from all bio-oil samples and 28 of them are 
listed in Table 4-2 and Table 4-3. The majority of the compounds obtained were cyclic 
nitrogenates (e.g. pyrolle, pyrazine, piperidine) and cyclic and aromatic oxygenates (e.g. 
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phenols, ketones) which is similar to previous studies [18, 23, 30]. These compounds are 
formed from carbohydrates and proteins obtained from the feedstock which undergo 
depolymerisations, decompositions and reformation [41]. The minor compounds were 
mostly hydrocarbons and esters which may be derived from lipid content. Lipids can 
produce stable hydrocarbons via decarboxylation and decarbonylation reactions [41, 42]. 
The tables show a comparison of the identified chemical compounds in the bio-crude oil 
under different reaction conditions. 
Table 4-2 presents only the key compounds that were identified through GCMS for 
both solvents. It shows the effectiveness of the n-hexane and dichloromethane in terms of 
the extraction of bio-crude oil from the water soluble fraction, independently. 
Dichloromethane and n-hexane extracted 57.1% and 40.2% of heterocyclic and aromatic 
compounds (mostly nitrogenated) from the water, respectively. Ketones were the most 
abundant oxygenated compounds. Neither solvent had a strong influence on aliphatic 
recovery rates, although a slight increase was observed with dichloromethane. Valdez et al. 
(2011) also reported that the total yields of aliphatic compounds did not vary significantly 
between the polar to nonpolar solvents.  They also found that dichloromethane extracted 
more light low molecular products such as aromatics, nitrogen-, oxygen- and sulphur 
obtaining compounds, than n-hexane [33].   
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Table 4-2: Major compounds of recovered bio-oils obtained from HTL (350 °C, 60 min, 2 bar 
nitrogen atmosphere) using two different extraction solvents (DCM and n-hexane) 
RT 
(min) 
Name of compound 
Area % 
DCM 
n-
hexane 
4.5 4-hydroxy-4-methyl , 2-pentanone 5.03 - 
4.82 Ethylbenzene 8.86 3.38 
4.98 1,4-dimethyl ,benzene  11.99 6.34 
5.44 1,3-dimethyl ,benzene 3.44 5.12 
5.82 2,5-dimethyl-,pyrazine 4.09 - 
6.91 2,6-dimethyl-, 4-heptanone  - 4.74 
7.54 Trimethyl pyrazine 2.76 4.3 
7.79 2,3,5-trimethyl-, 1H-pyrrole - 3.06 
8.18 2,3-dimethyl-, 2-cyclopenten-1-one 5.32 4.36 
8.49 3,7-dimethyl ,undecane - 2.82 
8.77 4-methyl , phenol 3.53 4.45 
9.06 1- acetate 1,2,3- propanetriol 2.99 7.11 
9.21 Undecane - 3.91 
9.32 1-ethyl-2-pyrrolidinone 10.38 - 
10.08 2,2,5,5-tetramethyl-,3-cyclopenten-1-one - 5.15 
11.42 1-butyl-, 2-pyrrolidinone,  4.25 2.72 
12.93 1-pentyl-, piperidine 3.78 4.84 
13.49 
2-methyl-, 3-hydroxy-2,4,4- trimethylpentyl ester, propanoic 
acid,  
- 5.11 
24.91 Di(2-propylpentyl) ester , phthalic acid 10.78 - 
Total  77.2 67.41 
- , chemical compounds either not detected or peak area less than 2%. 
 
Table 4-3 presents the variation of key chemical compounds from the bio-crude oil 
samples produced with a microalgae mass fraction in the feed ranging from 15%-30% under 
various temperatures (280 °C–350 °C). The main compounds include: nitrogenated 
compounds (pyrolle, pyrazine, piperidine); oxygenated compounds (phenols, ketones, 
esters); aliphatics (alkanes, alkenes); and aromatics (benzene). 
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Table 4-3: Major compounds of recovered bio-oils obtained from HTL under various solid 
concentrations and temperature using (DCM). 
RT 
(min) 
Name of compound 
Area (%) 
Slurry concentration Temperature 
15% 25% 30% 
280 
°C 
300 
°C 
350 
°C 
4.01 2-methyl , pyrimidine  3.92 - 4.05 4.94 8.18 - 
4.41 
4-hydroxy-4-methyl , 2-
pentanone 
- 5.03 - 23.81 4.15 4.03 
4.82 Ethylbenzene 0.68 8.86 - 1.34 1.75 8.86 
4.97 1,4-dimethyl , benzene - 11.99 - 2.48 2.77 11.30 
5.67 2-methyl , 2-cyclopenten-1-one 4.71 - 2.72 9.19 10.03 - 
5.79 2,5-dimethyl , pyrazine 4.84 4.09 3.53 12.18 12.4 4.09 
6.8 3-methyl , 2-cyclopenten-1-one 6.66 4.86 2.31 2.7 6.0 4.5 
7.1 Phenol 3.24 3.33 2.16 - 2.43 3.32 
8.15 
2,3-dimethyl , 2-cyclopenten-1-
one 
12.86 12.04 5.32 2.29 5.73 6.05 
9.03 1- acetate 1,2,3- Propanetriol,  4.72 5.09 5.63 2.58 4.22 5.19 
9.27 Undecane 9.20 11.12 12.62 2.49 5.9 8.99 
9.94 
1,3-diethyl-3-methyl , 2,5-
pyrrolidinedione,  
2.27 2.5 2.72 - 2.48 2.51 
10.69 1-propyl , 2-pyrrolidinone,  3.04 2.32 3.48 - - 2.30 
11.39 1-butyl , 2-pyrrolidinone 3.3 4.25 3.16 - - 4.20 
24.91 
Di(2-propylpentyl) ester,  phthalic 
acid  
- 10.78 8.25 - - 10.78 
- , chemical compounds either not detected or peak area less than 2%. 
 
Bio-crude oil samples were also analysed for to investigate the effect of slurry 
concentration (15%-30%). As shown in Table 4-3, cyclic oxygenated compounds mostly 
ketones such as 2, 3-dimethyl, 2-cyclopenten-1-one, are slightly decreasing with increasing 
solids concentration. This was in contrast to the aliphatic components, such as undecane, 
which increased with the solid concentration. Cyclic nitrogenated and oxygenated 
compounds including 1-butyl, 2-pyrrolidinone; 1, 3-diethyl-3-methyl, 2, 5-pyrrolidinedione; 
1-propyl, 2-pyrrolidinone were the most abundant in each sample. In the low temperature 
reaction at 280 °C, bio-crude oil had the highest amount of oxygenated compounds mostly 
aliphatic , prevalent ketones including 4-hydroxy-4-methyl ,2-pentanone; 2-methyl, 2-
cyclopenten-1-one; 2,3-dimethyl, 2-cyclopenten-1-one. Abundance of hydrocarbons and 
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aromatics were the lowest for the bio-crude oil at 280 °C but had the highest percentages at 
350 °C. Nitrogenated compounds such as pyrazine, 2-methyl, 2, 5-dimethyl, pyrimidine; 
trimethyl and pyrazine, initially, increased with temperature and reached the maximum at 
300 °C after which it decreased. Jena et al. obtained similar results from bio-crude oil 
comparing five different temperatures [23]. Esters such as di (2-propylpentyl) ester, phthalic 
acid; 15-methyl-, ethyl ester, heptadecanoic acid, were observed only in the highest 
temperature. The detailed analysis is showing the strong dependency of chemical 
compounds on process condition.  
 
4.4 Chemical-physical properties 
Both the chemical and physical properties of biofuels are important to define fuel 
quality in terms of combustibility, density, energy content, lubricity and cold-flow. These 
fuel properties vary with chemical composition and influence engine performance and 
emission results [20, 43-47]. It was observed that the chemical components and 
compositions of the bio-crude varied with the process conditions (Table 4-2 and 4-3) which 
subsequently affected the fuel’s physical properties. The chemical and physical properties of 
microalgae HTL bio-crude are shown in Table 4 and compared with FAME microalgae biofuel 
and mineral diesel.   
Bio-crude chemical composition 
The extracted bio-crude contained a range of complex hydrocarbon groups including 
aliphatics, aromatics, as well as nitrogenated and oxygenated compounds. Hydrocarbons 
mostly contained either oxygen or nitrogen in the C-H chain. Table 4-4 shows the elemental 
composition of the bio-crude obtained at different temperatures with 25% slurry 
concentrations and for different slurry concentration at 350 °C. The elemental analysis 
showed that the mass percentage of oxygen decreased from 16% to 10% with increasing 
temperature of the experiment for 25% slurry. In contrast, the hydrogen percentage was 
relatively stable: within 8.93-10.14% over the experimental range. The differences in 
chemical composition and molecular structure (e.g. C, H and O composition, straight chain, 
cyclic, and heterocyclic compounds) affect the physical properties of the bio-crude oil 
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including higher heating value, density, viscosity, cetane number and surface tension; 
important parameters for internal combustion (IC) engines. It is expected that the engine 
performance and exhaust emissions would be different compared to FAME biodiesel. For 
instance, the oxygen creates a permanent dipole moment which results in stronger 
hydrogen bonding and oxygenated fuels with increased molecular affinity. Consequently, 
compressibility is decreased because the free space between the molecules is similar. A 
follow-on effect is an increase in NOx [43]. Nabi et al. [48] has also shown NOx emissions and 
adiabatic flame temperature and NOx emissions present a linear decrease with increasing 
oxygen content.  
 
Table 4-4: Ultimate analysis and higher heating value (HHV) of the microalgae bio-crude. 
Component 
(% wt.) 
25% slurry concentration at 
different temperature 
 
350 °C temperature at slurry 
concentration 
280 ˚C 300 ˚C 350 ˚C 15% 25% 30% 
C 68.1 70.4 75.6 74.1 75.6 73.7 
H 9.3 8.9 10.1 9.7 10.1 9.8 
O 15.7 12.1 10.3 11.2 10.3 10.8 
N 6.9 8.6 4.0 5.0 4.0 5.7 
H:C 0.14 0.13 0.13 0.13 0.13 0.13 
O:C 0.23 0.17 0.14 0.15 0.14 0.15 
N:C 0.10 0.12 0.053 0.07 0.05 0.08 
HHV (Cal.), MJ/kg 33.5 34.3 37.4 36.4 37.5 36.5 
HHV(Meas.), MJ/kg -- 26.1 29.8 26.5 29.8 28.0 
 
O:C, N:C and H:C significantly affect fuel quality and emissions, and so temperature 
variation and slurry concentration effect on bio-crude were compared with diesel and FAME 
biodiesel standards in the Van Krevelen diagram (Figure 4-5). It is pleasing to note that the 
lowest N:C and O:C were found at the same conditions which gave maximum bio-crude yield 
and HHV (i.e. 350 °C and 25% slurry concentration; for this range, the author’s viewed lower 
O:C to be more beneficial).  Figure 4-5 shows that O:C changes with respect to N:C ratio, and 
H:C is almost constant; so N:C and O:C varied more than H:C. The HHV is the highest at 350 
°C due to the low O:C and relatively good H:C. N:C also sharply reduced at high temperature. 
The bio-crude oils were more similar to FAME biodiesel than fossil fuel diesel in terms of H:C 
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while the nitrogen concentration was much higher than diesel and biodiesel standards due 
to the high amount of proteins in the raw feedstock.  
 
 
Figure 4-5: Van Krevelen diagram of bio-crudes gained for different temperatures (280, 300 and 
350 °C) and slurry concentration (15%, 20% and 30%) in comparison with diesel and FAME 
biodiesel standards. 
 
The separated bio-crude oil samples had a dark colour, high viscosity and an acrid 
smoky odour. Chemical-physical properties were analysed for the optimal bio-crude 
produced at 350 °C, and 25% initial solids concentration and compared with various types of 
fuel standards (Table 4-5).  
Table 4-5: Comparison of chemical-physical properties of bio-crude produced in this study with 
transesterified microalgae biodiesel, diesel, biodiesel and marine fuels standards.   
Name of the 
properties 
FAME  
Crypthecodinium 
cohnii 
biodiesel [47] 
HTL  
Scenedesmus 
sp. 
bio-crude oil 
Biodiesel  
Standards 
EN 14214 
Petroleum 
Diesel  
Marine 
fuels 
ISO 8217 
Kinematic 
Viscosity@40° C 
(mm2/s) 
5.06 3.61-3.37* 3.5-5 2.64 1.4-11.0 
Density@15° C 
(kg/L) 
0.912 0.97- 1.04* 0.86-0.9 0.84 0.96-0.99 
HHV (MJ/kg) 39.86 29.79 - 44 44-45 
Oxygen content 10.47 10.33 - 0 - 
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(wt.%) 
Hydrogen Content 
(wt.%) 
11.12 10.14 - 13.86 - 
Carbon Content 
(wt.%) 
78.41 75.56 - 86.13 - 
Nitrogen Content 
(wt%) 
0 3.97 - 0 - 
* @20° C 
 
Viscosity 
At the optimum conditions, the viscosity of the HTL microalgae bio-fuel was closer to 
conventional diesel and biodiesel than FAME from microalgae and varied with chemical 
composition, possibly due to the varying degree of chemical saturation [51]. The variation of 
bio-crude compositions influenced the intermolecular forces. The variation in viscosity can 
potentially affect injection timing, spray, atomization and combustion compared to 
microalgae FAME [28]. There is a possibility to use bio-crude in a heavy duty diesel engine or 
a marine ship engine with minimal upgrading.  
 
Density 
The fuel density affects the mass of fuel injected because fuel injection systems in 
modern diesel engines measure the fuel on a volume basis [43]. At optimal conditions, the 
density of the HTL microalgae bio-crude was 13% higher than conventional diesel fuel and 
not comparable with any fuel standards in Table 4. The increased density of the HTL 
microalgae bio-crude might be due to it containing many aromatic hydrocarbons and cyclic 
chemicals as well as an amount of high molecular weight compounds that are beyond 
detection in GC-MS. However, the density value (0.97 kg.L-1) is comparable to the marine 
residual fuel standard ISO 8217:2012 (0.96- 0.99 kg.m-3).  
 
Higher Heating Value 
Among the fuels, the HHV of microalgae bio-crude had the lowest value 29.8 MJ.kg-1  
(best H:C) [52] . Enrichment in double bonds generally results in lower than expected levels 
of heats of combustion due to strong intra-molecular bonding [53]. The vapour heat 
capacity and thermal conductivity relates to the heating value of the fuel. These affect 
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droplet-surrounding heat transfer, temperature distribution and the mass air fuel ratio that 
will reduce combustion performance [54].    
 
4.5 Conclusions 
This paper studied the relationship of HTL reaction temperature and slurry 
concentration on the chemical composition and the subsequent -physical and chemical 
properties of the microalgae bio-crude. Physical properties were able to be measured 
experimentally because of the larger scale of the reactor rather than being derived using 
correlations based on elemental analysis.  The highest bio-crude oil yield (33.6%) was 
produced at 350 °C and at 25% solids concentration. The aliphatic, aromatic, nitrogen 
containing hetero-cyclic, oxygenated compounds were the major group of components of 
HTL microalgae bio-crude.  These conditions also produced the lowest O:C and N:C. The bio-
crude had higher density and lower HHV than diesel and biodiesel and was closer in 
character to  heavy fuel oil where it could be used directly. Future work will focus on further 
improving chemical and physical properties, such as HHV, density, and decreasing N and O 
percentages, via catalytic  upgrading, or via reactions in-situ, followed by engine testing. 
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Abstract 
The objective of this study was to examine the hydrothermal liquefaction of sugarcane 
bagasse using ethanol and black liquor (BL) in a pilot scale. Combinations of co-solvents 
(ethanol/water, ethanol/BL) were studied at various concentrations and reaction conditions. 
The maximum oil yield of 61% was achieved with a reaction temperature of 300 °C for 
30 min and using pure BL as a solvent, while the highest higher heating value (HHV) was 
obtained from a 50:50 ethanol-BL mixture. The oils contained alcohols, esters, phenolic 
compounds, aromatics and heterocyclics. The O/C and H/C ratios of the oil were comparable 
with traditional biodiesel and commercial diesel. Although this study showed there are some 
improvements to be made to improve the chemical composition, the approach has potential 
for large-scale production of a substitute for fossil fuel-based diesel. 
 
Keywords: Sugarcane bagasse, thermal liquefaction, biofuels, black liquor, biomass
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5.1. Introduction 
Energy consumption and the demand for alternative energy sources – especially for 
liquid biofuels – have been steadily increasing as non-renewable petroleum-based sources 
become scarce. Due to these sources’ finite nature and their consequent greenhouse gas 
(GHG) emissions contributing to climate change, biomass-derived alternatives have become 
more desirable.1 Fossil fuel combustion is the main source of GHG in Australia.2 In 2012, 
registered motor vehicles in Australia consumed 31,839 million litres of fuel; 95% from 
conventional fossil fuels and 5% using other fuel3 Many alternatives with the potential for 
mitigating GHG are already being used; however, high costs and low efficiencies pose 
constraints.  Research has been focused on investigating the optimum conditions and 
suitable feedstock for carbon neutral and renewable biofuels synthesis.4 Moreover, biofuels 
can be easily augmented into current fuel distribution systems especially for the use of 
renewable diesel blends with little or no modifications.5 
Several studies have been carried out to investigate the conversion of biomass into 
high-energy and high-density liquids via liquefaction in laboratory scale reactors and 
autoclaves. 6-8 Hydrothermal liquefaction (HTL) is the thermochemical conversion of 
biomass into liquid fuels using elevated temperature (250-375 °C) and pressure (5-24 MPa) 
in the presence of water. The potential of bio-oil synthesis via liquefaction of 
lignocellulosics, including bagasse, has been investigated, using different solvents and 
studying process optimisation.6, 9-13The efficiency of HTL using various types of biomass is 
dependent on reaction temperature, solvent, biomass/solvent ratio, the type of reactor, and 
so on.7 
Bagasse, the fibrous waste material that remains after sugar has been extracted from 
cane by crushing or diffusion processing, 14 is an ideal candidate for a biofuel source. 
Australian sugar mills produce over 11 million tonnes of bagasse annually; however part of 
the bagasse is burned on site to generate heat and electricity.15, 16 Using bagasse to 
synthesise a renewable HTL bio-crude (Figure 5-1) has no impact on the food supply, and 
could achieve an appreciable reduction in GHG, when compared with the traditional energy 
mix.17 
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Figure 5-1: Black liquor and ethanol as co-solvents for hydrothermal liquefaction. 
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5.2. Materials and methods 
5.2.1. Materials 
Bagasse was obtained from Wilmar Invicta sugar factory in Townsville, Queensland 
(Australia) (see Table 5-1 for characterisation). The HHV of bagasse is 17.80 ± 0.67 MJ/kg 
(calculated from HHV =0.3536FC+0.1559VM−0.0078ASH). 20 Analytical grade ethanol was 
purchased from Sigma-Aldrich (Sydney, NSW, and Australia) and nitrogen gas was supplied 
by BOC Australia (Brisbane, QLD, and Australia). BL was obtained from pulp digestion of 
bagasse at 185 °C for 90 minutes in KOH medium. The potassium content was 1.86% in the 
BL and the dry substance was 7.6%. The elemental composition of BL is C 30.5 ± 0.86 %, H 
4.5 ± 0.07 %, N 0.12 ± 0.02 %, O 64.9 ± 0.86% (calculated by difference) with an HHV of 11.5 
± 0.09 MJ/kg. 
Table 5-1: Proximate, ultimate and structural analysis of bagasse. 
Proximate analysis 
(% d.b.) 
Ultimate analysis 
(% d.b.) 
Structural analysis  
(% d.b.) 
Ash 6.15 C 43.16 Cellulose 41.3 
Volatile matter 69.76a H 5.47 Hemicelluloses 23.7 
Fixed carbon 15.34 N 0.51 Lignin 25.6 
Moisture 8.75 O 32.55b Extractives 0.5 
a Determined by thermogravimetric analysis. 
b Oxygen was calculated by difference. 
 
5.2.2. Hydrothermal liquefaction 
The experiments were conducted in a large (1.8 L) Parr batch reactor (Parr 
Instruments Co., Moline, IL, USA). In a typical experiment, 40 g of dried bagasse was 
weighed into the reactor, followed by 800 ml of solvent. Ethanol was added, with varying 
concentrations of BL or tap water. BL was used to act as a proton donor to increase the 
yield. The solvent to bagasse ratio was 20:1 (w/w). The reactor was sealed, air was purged, 
and the headspace was pressurised to 1 MPa using nitrogen. The reactor was then heated 
to the desired temperature and held there for 30 minutes with stirring at 10 rpm. The 
reactor was then cooled to room temperature by passing water through an internal cooling 
tube.  
Following liquefaction, the gas was vented. The solid and liquid products were 
removed and the vessel was rinsed with acetone to recover any residual solid. The solid 
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residue (SR) was recovered by filtering through a Whatman’s no. 5 filter paper. SR was dried 
overnight in an oven at 105 °C. Acetone and ethanol were evaporated at 50 °C and water 
was removed at 85-90 °C under reduced pressure in a rotatory evaporator. The resulting oil 
was weighed and designated as “oil”. 
Yields of each product fraction (SR, oil) were determined as the ratio of their mass to 
the initial mass of the bagasse on a dry basis. The total yield of gas and solvent was 
approximated by difference. Biomass conversion was calculated based on the dry organic 
matter (equations in Supplementary Material). 
 
5.2.3 Characterisation/ Analysis methods 
The bagasse was analysed by ASTM method E1755 and E1756 to determine the ash 
and moisture in the biomass, respectively. The percentages of volatile content and fixed 
carbon were measured using simultaneous thermal analyser (NETZSCH STA449F3) in N2 at 
10 °C/min up to 950 °C. The ultimate analysis was identified by elemental analyser (LECO 
TruSpec Micro CHNS). Oil heating values were determined using a Parr 6200 Bomb 
Calorimeter (Parr Instruments Co., Moline, IL, USA). The HHV of solids was calculated using 
average values from the elemental analysis and the correlation suggested by Friedl et al. for 
biomass fuels. 21  
The main compounds from the heavy oil were analysed by gas chromatography 
(Thermo Scientific, Trace 1310, Brendale, QLD, Australia) equipped with a single quadrupole 
mass selective detector (ISQ). Each sample was dissolved and diluted in dichloromethane. 
The GC injector was set at 260 °C and a TG5ms column (length 30 m, ID 0.25 mm, film 0.25 
mm) was used. The GC was run in constant flow mode at 1.4 mL/min. In order to give good 
product separation the oven was programmed at an initial temperature at 50 °C (held for 
1 minute) then ramped at a constant rate of 10 °C/min to 250 °C and held for 9 minutes, 
with a split ratio of 25:1. The MS transfer line and ion source temperatures were both set to 
250 °C and the MS scanned a m/z range of 40-400 amu, with a 1.8 minutes solvent cut and a 
scan time of 0.05 s.  
 
 166 | P a g e  
 
5.3. Result and Discussion 
Table 5-2 summarises the oil yield, biomass conversion, elemental composition, and 
HHV. The elemental analysis provided the composition of solids and oils, expressed in 
percentages by weight (Table 5-2). The oxygen content of the oils is high (24.6- 49.5%), 
similar to oils produced by pyrolysis, and more than reported values for oxygen in other HTL 
studies.22, 23 
Table 5-2: Summary of liquefaction experiments. 
ID 
Temperature 
(°C) 
Solvent (%) 
Oil Yield  
(%) 
Biomass 
conversion 
(%) 
Elemental Composition  
of Oil (%) HHV 
(MJ/kg) 
Water Ethanol 
Black 
Liquor 
C H O N 
ET 300 0 100 0 48.3 74.3 53 6.9 39 0.57 26 
EW1 300 5 95 0 49.2 83.9 55 6.6 37 0.64 27 
EW2 300 50 50 0 40.8 94.4 55 6.3 38 0.71 25 
BL 300 0 0 100 61.6 94.9 58 6.1 35 0.65 24 
BLE1 300 0 5 95 58.4 79.5 45 5.6 50 0.46 25 
BLE2 300 0 50 50 52.9 91.5 61 6.9 32 0.78 28 
T2 300 0 95 5 47.4 81.2 56 6.9 36 0.58 26 
T1 250 0 95 5 34.9 73.1 46 5.6 48 0.62 22 
T3 350 0 95 5 55.4 89.0 67 7.4 25 0.69 30 
a
 Mass fraction percentage of the dry free feedstock 
 
5.3.1. Effect of Solvent 
Effect of water and ethanol on the oil yield 
The effect of varying ethanol/water concentrations on bagasse liquefaction was 
previously investigated and showed an increase of ethanol concentration from 50% to 95% 
increased the oil yield.7 In this study, the effect of water on the liquefaction of bagasse was 
examined by using ethanol-water solutions of 50%, 95% and 100% ethanol. The results 
shown in Figure 5-2a) confirm these findings. The increase of the ethanol concentration in 
water elevated the oil yield to 49% for EW1, before slightly decreasing in pure solvent (ET). 
The SR increased sharply from 5.6% yield (EW2) to 25.9% (ET). From these results it was 
concluded that 95% ethanol was the most effective solvent ratio for the liquefaction of 
bagasse.  
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a) 
 
b) 
 
c) 
 
Figure 5-2: Influence of ethanol-BL and ethanol-water solvent mixtures on a) product yields; b) 
HHV; and c) H/C and O/C ratios at 300 °C for 30 min in inert atmosphere.  
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Effect of black liquor and ethanol on the oil yield 
It was a different case when BL was used to replace water. As the amount of ethanol 
decreased, less oil was produced. Hence increasing BL content increased oil yield. 
The liquefaction of bagasse in a combination of BL and ethanol produced higher yields (52.9-
58.4%) than an equivalent concentration of aqueous ethanol (40.8-49.2%). The BL contains 
organic residues providing additional reactants for conversion. Moreover, its basicity 
supports a base-catalysed condensation reaction leading to oil formation.24 
 
Effect of the solvents on physical properties of oil  
For aqueous ethanol, the heating value is highest for oil produced in EW1 (Figure 5-
2b), consistent with literature values.7 While a high ethanol percentage contributed to HHV, 
the maximum was achieved with addition of 5% water. For mixtures of ethanol with BL, a 
higher HHV was achieved in BLE2. At 300 °C, the H/C and O/C ratios both varied with solvent 
combination, reflecting the composition of the fuel (Figure 5-2c). Comparing elemental 
ratios to commercial diesel it was observed that ET produced an oil with H/C ratio (0.13) 
closest to diesel (0.15).25 Conversely, BLE2 produced an oil with the lowest O/C ratio (0.52), 
which is nearest to diesel (0).25 These findings inform the design of subsequent upgrading 
processes required to make oil comparable to diesel. A similar trend was also observed in 
the relative carbon content in oils and SR. Figure 5-3 shows a large difference between 
carbon content in oil (61%) and SR (45%) in BLE2. There is also a significant variance 
between carbon content of oil and SR in BLE1, but there is more carbon in SR (63%) 
compared to oil (44%).  
 
 
 
 
 
 
 
 
 
 169 | P a g e  
 
a) 
 
b) 
 
Figure 5-3: Effect of varying ethanol content with BL at 300 °C on a) relative hydrogen content; and 
b) relative carbon content in oil and SR. 
 
As ethanol concentration increases from 0% to 5% (with BL), there is a reduction in the 
carbon and hydrogen content in the oil (Figure 5-3) and an increase in carbon of the SR. This 
may be that repolymerisation or condensation is favoured, or that depolymerisation is 
reduced.26 The effects of varying ethanol and water ratios to HHV demonstrate the need to 
optimise the solvolytic capacity at supercritical regimes. 
While more ethanol brings about increased solvolytic capacity, less BL means less 
organic material for conversion. The elemental distribution between SR and oil, and the 
HHV trend show that desired reactions such as depolymerisation of copious amounts of 
lignocellulosic materials and oxygen removal are enabled at an optimum ethanol-BL ratio 
of 1:1. Water addition resulted in higher percentages of carbon and hydrogen, and better 
heating value of the oil in agreement with literature.7 
 
5.3.2. Effect of Temperature  
Previous studies have shown the influence of temperature on bio-crude yield.8, 27 
Notwithstanding a survey of the effect of temperature was undertaken to validate earlier 
work. Behrendt et al. (2008) found that defragmentation of polymers into the liquid oil-rich 
phase is more successful at higher temperatures; however above the critical temperature 
biomass decomposes into gaseous products.28 Figure 5-4a) compares the effect of 
temperature on product yields. On the basis of our previous experiments and chemical 
composition the BLE1 solvent ratio was selected. This is analogous with the best outcome 
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from Chumpoo & Prassarakich (2010). The bio-crude yield followed the trend for oil yield, it 
increases as temperature is increased, reaching a maximum of 55.4% at 350 °C. The 
opposite was observed for SR yield which decreased linearly by 15% from 250 °C to 350 °C.  
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b) 
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c) 
 
Figure 5-4: Influence of temperature on a) oil yields; b) HHV (MJ/kg) and C in oil and SR; and c) H/C 
and O/C ratios in oil (95% ethanol, 5% BL). 
 
Effect of temperature on physical properties of oil 
Experiments varying the reaction temperature demonstrated increasing carbon 
content and HHV in oil with increasing temperature Figure 5-4b) and c) show these trends. 
With increasing reaction temperature, more carbon is released from the bagasse 
feedstock to the oil phase through an increase in biomass depolymerisation.26 The carbon 
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A decrease in oxygen led to an increase in relative amounts of carbon in oil. 
At 350 °C, the carbon is slightly higher in SR than in bio-crude (Figure 5-4b). Despite 
the decrease in SR, repolymerisation to char in high temperatures may bring more carbon 
back to the solid phase.26  
Figure 5-5 compares O/C and H/C ratios of the oils with commercial diesel and fatty 
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diesel and biodiesel in terms of O/C, although there is room for improvement. 
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Figure 5-5: Comparison H/C and O/C ratios of ethanol-BL and ethanol-water solvent 
concentrations with literature bio-oils from,4, 6, 7, 10-12, 29 Commercial diesel and FAME from NREL.25 
 
5.4. Chemical characterisation of oil samples 
The chemical compositions of each sample from the various conditions were 
determined by GC/MS. The relative percentage area for identified compounds (defined by 
percentage of chromatographic area of the compound out of total area) and the total 
percentage area were in the range of 88-92%. Due to the chemical complexity of the oil 
samples obtained from the liquefaction of bagasse, chemical compounds were classified 
into groups as follows: alcohols, esters, phenolic compounds, aldehydes, ketones, aliphatic, 
aromatic, and heterocyclic compounds. Several compounds were arbitrarily assigned to one 
group only, even if they contained more than one functional group. 
Table 5-3 shows the distribution of chemical groups in the produced oils at 300 °C, 
with different solvent ratios. In ET oil, esters were the major compounds, followed by 
aromatics and heterocyclics, and aldehydes and ketones as more minor compounds. 
Phenolic compounds decreased inversely with water content, because the decomposition of 
lignin to form phenolic compounds in the water is less with alcohols.7, 30 Water addition 
decreased esters considerably. The opposite trend occurred with alcohols, aromatics and 
heterocyclic compounds that reached maximum in EW2.  
 173 | P a g e  
 
Interestingly, the percentage of BL with ethanol altered the chemical composition 
significantly. Phenolic content was maximised with pure BL, due to the high amount of lignin 
residue content. Al Arni et al. (2010) found that some of these phenolic compounds from 
lignin in the bagasse had antioxidant activity 31 that can also improve the antioxidant 
abilities of biodiesel.32 Aromatic and heterocyclic compounds didn’t vary significantly. The 
highest esters concentration was identified in T2, whereas with alcohols it was in BLE1. 
Table 5-3: Effect of various ethanol concentrations with the water and BL on chemical composition 
of oils (at 300 °C for 30 min. in inert atmosphere). 
 
 
 
Chemical groups 
Ethanol concentration in water  Ethanol concentration in BL 
50% 95% 100%  0% 5% 50% 95% 100% 
Alcohols 32.6 9.5 12.7  15.5 54.2 13.6 5.3 12.7 
Esters 7.2 28.8 35.4  3.4 1.7 3.0 38.8 35.3 
Phenolic compounds 4.5 17.0 17.3  64.5 22.0 49.8 22.2 17.3 
Aromatic and 
Heterocyclics 
34.7 29.4 25.0  14.8 19.0 23.8 23.0 25.0 
Ketones 16.5 1.7 2.2  NA NA NA 0.6 2.2 
Aldehydes NA NA NA  NA NA NA 1.7 NA 
Aliphatic compound 1.6 5.5 NA  NA 0.9 8.1 1.2 NA 
NA -chemical compounds either not detected or peak area less than 2%. 
 
Table S 5-1 (Supplementary Material) compares chemical groups in the oils from 
various temperatures. The highest amount of phenolic compounds was detected at 250 °C, 
which is just above the critical point of ethanol, allowing better decomposition of lignin. 
With an increase in temperature, the aromatics decreased; however heterocyclic 
compounds reached their maximum at 350 °C. Hydrocarbons had no detectable level at 
250 °C and 350 °C. The list of major chemical compounds categorised into groups is available 
in Supplementary Material. 
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5.5. Conclusions 
The liquefaction of bagasse in pilot-scale experiments using renewable solvents 
(ethanol, BL and water) of various concentrations, in different reaction conditions produced 
oils in the range of 34-61% yield. High yield was achieved with a reaction temperature of 
300 °C and pure BL. BL-ethanol mixture (50:50) provided the optimum HHV (27.51 MJ/kg). 
Complex chemical compounds such as esters, phenolic compounds, alcohols, aromatics and 
heterocyclics composed the oils. The H/C, O/C ratios and HHV shows improvement in 
production system. This study serves to inform subsequent engine testing and exhaust 
emissions of liquefaction biofuels. 
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5.8. Supplementary material  
Biomass conversion and product yields were calculated based on the dry mass as follows: 
Biomass conversion (wt. %) = 100% - SR yield …………………….. (1) 
SR yield (wt. %) = (
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 
) 𝑥 100 …………………….. (2) 
Oil yield (wt. %) = 
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑏𝑖𝑜−𝑜𝑖𝑙
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
 𝑥 100 …………………….. (3) 
Gas and solvent yield (wt. %) = 100% - SR yield (wt. %) - Oil yield (wt. %) …..... (4) 
 
Table S 5-1: Influence of different temperatures on chemical compositions of oil (30 min, nitrogen 
atmosphere). 
 
Chemical groups 
Reaction temperature 
250°C 300°C 350°C 
Alcohols 19.2 5.3 14.1 
Esters 6.3 38.8 11.4 
Phenolic compounds 40.9 22.2 23.4 
Aromatic and Heterocyclics 27.4 23.0 30.8 
Aldehydes NA 1.7 8.8 
Aliphatic compound NA 1.2 NA 
NA -chemical compounds either not detected or peak area less than 2%. 
 
Key compounds from GC/MS analysis from liquefied oils. 
Alcohols (5-
54%) 
Esters (1-38%) Aromatic and Heterocyclics (14-34%) 
Furfuranol 2-Hydroxyethyl butyrate Ethyl α-D-riboside 
2-Methyl-2-pentanol 2-hydroxyethyl 
propanoate 
Tetrahydro-2-furanylmethanol 
2,2-Diethoxyethanol Propyl butyrate m-Xylene 
3-Methyl-3-buten-2-ol Ethyl furoate 2,5-Diethoxytetrahydrofuran 
 Ethyl levulinate Cyclotene 
 Propyl butyrate  
 Ethyl glycolate  
 Ethyl palmitate  
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Phenolic 
compounds (4-64%) 
Ketones (<1%) Aliphatic 
compounds (1-8%) 
Aldehydes (1-
8%) 
Guaiacol 5,5-Diethoxy-2-
pentanone 
2,3-Dimethylhexane 5-Methylfurfural 
4-Ethylphenol 2-Oxobutanol 3-Ethylhexane  
3-Ethoxyphenol    
p-Ethylguaiacol    
Syringol    
Biphenol A    
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Abstract 
Supercritical liquefaction of five potential feedstocks namely, banana bunch stems (BBS), 
pineapple tops (PT), Forage sorghum (FS), bagasse (Ba) and Arundo donax (AD) were 
examined from an energy perspective at a large laboratory scale. Comparison of oil yield 
and HHV of feedstock and bio-crude at this scale enabled analysis of the energy efficiency of 
the liquefaction of feedstock with varying structural compositions under different reaction 
conditions. A. donax was used to investigate degradation behaviour for bio-crude 
production at temperatures between 250-350 °C and biomass/solvent ratios of 1/10-
1/25 (wt/wt). Maximum bio-crude yield of 67.3% was observed for AD at 350 °C and 
biomass/solvent ratio of 1/15. Liquefaction with recycled solvent in the first run improved 
energy recovery and the heating value of the bio-crude in comparison with fresh solvent. On 
the basis of the change in energy content, the feedstocks ranked as follows: BBS (105%) >FS 
(77%) >Ba (57%)>PT (55%)>AD (40%). GCMS results showed that the chemical composition 
changed in distribution and abundance of the oxygenated compounds, varying significantly 
depending on the type of biomass. Analysis of energy input and output of varying conditions 
and feedstock showed energy requirements and the HHV varied with the feedstock. 
Keywords: liquefaction, biofuels, bioenergy, energy crops, agricultural waste, energy 
efficiency.  
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6.1. Introduction 
Energy supply has become a problem that has lately drawn public attention. The 
reserves of fossil fuels worldwide are limited, resulting in geopolitical and economical 
disputes. One study predicted that the fossil fuel depletion peak is expected to be in around 
35, 107 and 37 years for oil, coal and gas, respectively [1]. Moreover heavy reliance on fossil 
fuels has brought a diversity of environmental and health problems. These reasons have 
necessitated the need to investigate new, renewable, and sustainable resources of energy 
that are secure for the long term. 
Biofuels have received significant attention as an alternative to fossil fuels from many 
research groups over the world [2-4]. The main approach is to develop clean technology for 
production of second-generation biofuels by recycling waste and biomass residues. Many 
previous surveys showed the abundance of waste fibre from numerous industries and their 
potential to be sustainably converted into high-value products such as liquid fuels [2-4]. This 
potential is well-positioned to meet the IEA “Blue map scenario” projection that 26% of 
biofuels in the transport sector in 2050 are expected to be from second generation 
feedstock [2].  
Thermochemical processes have been identified as an important technology for 
biofuel production. Liquefaction is one of the preferred processes from this group—it uses 
high pressure and temperature to directly convert biomass with potentially high water 
content without expensive dewatering processes [5]. This process has viability to become 
one of the routes for converting multiple feedstocks into valuable bio-based products at a 
commercial scale. The focus in the literature relates to changing various process parameters 
for liquefaction (e.g. temperature and headspace gas) to improve the properties of biofuels 
to meet biofuel standards [6-10]. Although water is a relatively cheap and abundant solvent, 
the use of other solvents in liquefaction has also been explored to observe effects of these 
solvents’ different physical and chemical properties on the liquefaction process and the 
properties of the bio-crude oil [7-9]. Moreover, the high temperature and pressure required 
to perform liquefaction in the supercritical regime may be reduced by using organic solvents 
[11].  
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One of the most important parameters for the large-scale conversion process is 
ensuring a constant supply of biomass, which depends on the type. In recent years, fast-
growing energy crops such as Arundo donax (A. donax) and Forage sorghum have been 
promoted as new sources of feedstock for biofuel production. A. donax is a tall perennial 
grass also known as Giant Reed that can grow spontaneously in harsh environments such as 
in the vicinity of Australian salt pans and in saline waters [12]. This non-food crop is 
produced in remarkably high yields, for example 51 t/ha of dry matter was obtained in 43 
weeks on arable land irrigated with sewage [13]. Sorghum is presently widespread across 
Australia; genetic diversity allows adaption and rigorous growth in different climates [14]. 
Forage sorghum’s average harvesting yield is 14.2 t/ha in a five-month harvesting window 
[15]. Nowadays, it is receiving global interest as a multi-product crop for animal feeding and 
bioethanol fermentation. Agricultural residues are another class of energy feedstocks that 
might ensure year-round accessibility in the supply chain. One of the larger fruit industries 
in Australia is the banana industry which produced 372,000 tonnes in 2013-2014 [16]. 
Currently, waste banana palms are used in the production of veneer and panel products. 
Every one tonne of banana production generates about 4 tonnes of lignocellulosic waste, 
predominantly pseudostems [17]. In 2009-10 the Australian pineapple industry produced 
around 85,000 tonnes of fresh and processed fruit [18]. Pineapple waste normally consists 
of the parts that are not suitable for consumption such us leaves, pulp, stem and peels. 
Stem and leaf waste accounts for 50% of total pineapple weight and occasionally used in 
paper production and as a fertilizer or animal feed [19]. Australia produces over 30 million 
tonnes of sugarcane per year, generating 3 tonnes of leftover fibre (bagasse) for every 10 
tonnes of sugarcane crushed [20]. The energy value of bagasse is demonstrated by sugar 
mills directly burning bagasse on site to produce steam and electricity [21].  
Use of the aforementioned biomass has already been investigated through 
thermochemical conversion processes in the literature [22-26]. However, little research is 
conducted on the evaluation of liquefaction processing by assessing energy conversion 
efficiency. Liquefaction is in competition with pyrolysis conversion process in terms of 
energy efficiency and so more detailed information about energy conversion is required. 
More accurate data can be generated using larger scale testing, as performed in this study. 
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The larger scale also permits the generation of larger samples and direct measurement of 
Higher Heating Value (HHV). 
With a view of large-scale alternative biofuel production, it is necessary to determine 
the change of the energy content from biomass to bio-crude, as well as determining the 
energy required in producing the bio-crude. Previous liquefaction studies have focussed on 
bio-crude yield rather than the overall conversion of energy from feedstock to bio-crude. 
The key difference being that overall energy conversion incorporates the significant 
variability in the Higher Heating Value (HHV) of the initial feedstock, the HHV of the bio-
crude as well as the conversion yield. This article will show significant variability in energy 
conversion once feedstock HHV is taken into account. Moreover, the effect of changing the 
temperature, the biomass/solvent ratio and solvent recycling on energy efficiency was also 
observed. In these experiments, A. donax was used with varying reaction temperature, 
biomass/solvent ratio and solvent recycling, which are all important considerations in large 
scale production.  The relationship between HHV and different structural composition of the 
potential feedstocks was also observed. The effect of heterogeneity of the main 
lignocellulosic constituents on diversity and abundance of bio-crude oils’ chemical 
composition was determined.   
 
6.2. Experimental 
6.2.2. Materials 
Five kinds of lignocellulosic biomass were obtained from local industries in 
Queensland, Australia, as well as the Queensland Department of Agriculture and Fisheries 
including; Arundo donax (AD), bagasse (Ba), banana bunch stem (BBS), pineapple tops (PT), 
and forage sorghum (FS). Table 6-1 is provided to give the reader an overview of each 
material; methods for determining elemental composition and HHVs of the feedstocks are 
provided in the section 6.3.3. 
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Table 6-1: Chemical and elemental composition (wt% of dry basis). 
 AD Ba BBS PT FS 
Ash (dry wt.%) 3.3 9.3 12.4 7.1 3.2 
Moisture (wt.%) 23.4 14.9 37.8 13.8 13.2 
Structural analysis (%)      
Lignin 20.9 20.5 7.9 20.9 23.3 
Holocellulose 75.8 70.2 79.7 72.1 73.4 
Extractives 9.17 5.04 25.16 34.86 7.77 
* calculate by difference 
 
6.2.2. Thermal liquefaction process and product recovery 
All experiments were performed in a 1.8 l Parr batch reactor (Parr Instruments Co.). 
Since the research team had great sufficiency of A. donax, it was used for initial ranging 
experiments in order to guide process conditions for other feedstocks. 20 g of dried biomass 
was loaded with acetone as solvent in various biomass/solvent (B/S) wt/wt ratios (1:1, 1:15, 
1:20, and 1:25). Nitrogen was used to evacuate air and pressurize the headspace of the 
reactor to 10 bar. The reaction was started by heating the vessel to the desired temperature 
(250 °C, 300 °C and 350 °C) then holding the temperature for 30 min, with stirring. At the 
end of the reaction, water passing through an internal pipe cooled down the reactor to 
room temperature.  
All separation processes are shown schematically in Figure 6-1. Following liquefaction, 
the gas was vented and the reaction mixture was drained for separation. Vacuum filtration 
through a Whatman’s no. 5 separated solid residues (SR) from the solvent soluble fraction. 
SR was further dried overnight in the oven at 105 °C. The biocrude (Oil) was recovered by 
evaporating solvent (acetone and water) out from the mixture under reduced pressure. In 
some experiments the remaining solvent fraction was recycled into subsequent liquefaction 
runs.  
Standard deviation was calculated and showed negligible difference between oil and 
SR yields between duplicates (SD < 1%). The low standard deviation was caused by the high 
repeatability associated with the reactor which is 1-2 orders of magnitude larger than used 
in other liquefaction studies.   
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Figure 6-1: Separation process of the products  
 
6.2.3. Analysis of products 
Each raw material was analysed by ASTM method E1755 and E1756 to determine the 
ash and moisture contents respectively. Structural analysis of the feedstocks was measured 
following NREL/TP-510-42619 and TAPPI T222 methods. HHV of liquefaction oil was 
determined using a Parr 6200 Bomb Calorimeter. Elemental analyses of the feedstock, oil 
and solid residues were conducted using LECO TruSpec Micro CHNS. The HHV of solid 
feedstock and residues were calculated from the correlation suggested by Friedl et al [27]. 
Furthermore, HHV of all biomasses were predicted based on carbon content using the 
following Eq. 1 suggested by Jablonsky et al [28]. 
HHVmodel  =  C × 0.40659                                                                                       (1) 
Where C is the carbon content (wt.%) of the sample. In order to study the changes of 
chemical groups between each product and its raw material Fourier transform infrared 
spectrometer (FTIR) was employed in the spectral range of 4000–400 cm-1.  
The chemical composition of the obtained oils was analysed by gas chromatography 
(Thermo Scientific, Trace 1310) equipped with a single quadrupole mass selective detector 
(ISQ). Each sample was dissolved and diluted in dichloromethane. The GC injector was set at 
250 °C and a TG5ms column (length 30 m, ID 0.25 mm, film 0.25 mm) was used. The GC was 
running in constant flow mode at 1.4 ml/min. To get a good product separation the oven 
was programmed at an initial temperature at 50 °C (held for 1 minute) then ramped at a 
constant rate of 10 °C/min to 300 °C and held for 9 min, with a split ratio of 10. The MS 
transfer line and ion source temperatures were both set to 250 °C and the MS scanned m/z 
range of 40-400 amu, with a 1.8 minutes solvent cut and a scan time of 0.05 s. 
 
Raw material 
HTL 
Solvent 
Vacuum  
filtration 
Vacuum 
evaporator 
Gas 
Reaction 
mixture 
SR 
Solvent  
mixture 
Oil 
Solvent 
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The conversion yields of the oil and SR products were defined as ratios of masses of 
the respective products to the initial mass of raw material and were expressed in mass 
percentages in dry basis. The total yield of remnant products (RP) such as gas and solvent 
solubles, were approximated by difference. To precisely assess the efficiency of the 
liquefaction process, the oil yield has been factored in to come up with a total chemical 
energy conversion efficiency indicator (ECC), given by Eq. 2. 
 
 
Where HHVo and HHVf are high heating values of oil and feedstock, respectively. 
It is important to note, however, that the energy conversion values don’t include 
energy input as heat supplied to carry out reactions and so, heat recovery and insulation 
were out of the scope, thus optimising the energy input was not considered. The 
approximate energy required to heat the solvent-biomass mixture from the initial 
temperature of 20 °C to the final temperature of reaction was calculated using Eq 3, similar 
with the approach taken by Minowa et al [29]. 
 
Where mf is mass of biomass feedstock, Cf is heat capacity of feedstock, ms is mass of 
solvent, Cs is heat capacity of solvent, Tr is reaction temperature and Ti is initial 
temperature. Eq. 3 provides the calculation method for the sensible heat required to heat 
the mixture of solid biomass and solvent (acetone) to the reaction temperature. The heat 
capacity of the solid biomass is calculated using C = 5.340T -299 (T in Kelvin, C in J/kg K), as 
suggested by Dupont et. al [30]. This approach recognises that the energy balance has 
shortcomings in accounting for the enthalpies of reactions involved in liquefaction. This is 
mainly due to the plethora of reactions postulated to be occurring during liquefaction [22], 
not all have been thoroughly characterised. The kinetics of these reactions is in itself is a 
burgeoning area of study. 
% Chemical Energy Conversion (ECC) = 
Oil Yield ×HHVo
HHVf
 ×100                     (2) 
Energy Input =  HHVf + 
[mf ×Cf + ms ×Cs] ×(Tr−Ti) 
mf
                                               (3) 
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For recycling runs, energy input was calculated with a modified equation considering 
the new solvent initial temperature after mixing the recycled solvent with fresh solvent. The 
new solvent initial temperature is calculated using Eq 4, assuming that fresh solvent and 
recycled solvent are mixed to equilibrium temperature prior to the liquefaction process. 
 
Where Tis is the initial temperature of the solvent, mhs is the mass of the hot solvent 
from recycle and mcs is the mass of the cool solvent. A constant heat capacity of the solvent 
is assumed. The modified equation for energy input is given by Eq 5.  
 
The energy recovery (ER) is the ratio of energy output to input calculated using Eq 6. 
 
Where mo is the mass of the bio-crude. 
6.3. Result and Discussion 
6.3.1. Optimization of reaction parameters on products distribution and energy 
There are many liquefaction parameters that strongly influence conversion rate and 
composition of the oils. In this paper we studied the effect of two important parameters, 
namely temperature (with 1/15 wt/wt, B/S ratio) and B/S ratio at 300 °C. The experimental 
conditions were determined based on optimal values for liquefaction as described in 
existing literature [6,29]. All experiments using AD were operated in nitrogen atmosphere 
for 30 min with acetone as a solvent. The results are summarized in Table 6-2. 
 
Table 6-2: Product yields distribution for A. donax  
Conversion products (wt.%) Temperature (°C) Biomass/solvent ratio 
250 300 350 1:10 1:15 1:20 1:25 
Oil 39.0 44.5 47.3 33.5 44.5 49.0 50.5 
SR 51.0 43.0 37.8 50.8 43.0 39.3 34.5 
RP 10.0 12.5 15.0 15.7 12.5 11.7 15.0 
      𝑇𝑖𝑠 =
𝑇𝑟𝑚ℎ𝑠+𝑇𝑖𝑚𝑐𝑠
𝑚𝑐𝑠+ 𝑚ℎ𝑠
                                         (4) 
Energy Input =  HHVf 𝑚𝑓 + mfCf(Tr − Ti)  + msCs(Tr − Tis)                                  (5) 
Energy Recovery (ER) =  
HHVo𝑚𝑜 
Energy Input
× 100%                                              (6) 
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In general, an increased liquefaction temperature has a beneficial effect for oil yield. 
Several tests were directed at operational temperatures 250 °C, 300 °C and 350 °C 
(Figure 6 - 2). The results highlighted that the useful temperature range to produce 
sufficient amount of oil was 300-350 °C.  
Chemical energy conversion and HHV of oil from AD were best when liquefied at 350 
°C. This is due to the higher energy available to break down polymers in biomass [10]. 
Increasing conversion with increasing temperature is a common observation in other 
liquefaction studies, though in some a maximum conversion temperature was observed 
[31]. Further analysis of incremental energy inputs and output revealed that when 
increasing the reaction temperature from 250 °C to 350 °C, an additional 2.28 MJ/kg of heat 
input (+8%) was required, increasing the HHV of the oil produced at 350 °C by 36%. The 
relationship between temperature and energy flows for the process is shown in Figure 6-2.  
 
Figure 6-2: Effect of reaction temperature on oil yield, conversion and energy output (HHV) in HTL 
of A.donax. Energy input is a function of reaction temperature. 
 
The lower energy output (HHV of oil), compared to the high energy input presents 
several opportunities to improve heat recovery and reactor design. Eliminating energy 
losses in the process may diminish the energy wastes and this posits the feasibility of the 
liquefaction process at the large scale. 
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Different biomass/solvent ratios resulted in differences in both oil yield and conversion. An 
increase of solvent mass in the system improved fragmentation of biomass and enhanced 
dissolution of depolymerised biomass components [32]. This effect was confirmed by oil 
yield increasing from 33.5 wt.% to 50.5 wt.% in B/S ratio range 1:10-1:25 wt./wt. Raising 
solvent ratio from 1:10 to 1:25 wt./wt. saw an increase HHV of oil by 20% and of energy 
conversion by 80%. Figure 6-3 shows the oil yield and conversion increased with increasing 
amount of solvent. The increases were significant as the yield and HHV increased from 1:10 
to 1:15 and 1:20, but less so from 1:20 to 1:25. Conversely, higher feedstock mass to solvent 
ratio had the tendency to behave like pyrolysis which leads to SR increase [6]. A decrease in 
amount of solvent in the slurry from 1:25 to 1:10 led to the increase of SR by 16 wt.%. B/S 
ratio plays an important role in commercial continuous reactors in achieving ideal flow rate 
of slurry at pumping section, for this purpose, 1:15 ratio was used for the various feedstocks 
experiments.  
 
 
Figure 6-3: Yield, conversion and HHV oil trend of varying solvent amounts from A. Donax. 
 
6.3.2. Effect of recycling solvent on the process 
In these experiments, acetone recovered from products was recycled into the 
liquefaction process. The first and second recycles comprise 43 wt.% of total solvent (based 
on average percentage of recovered solvent from the previous experiments); while the third 
recycle used 100 wt.% recycled acetone. It should be noted that only the solvent mass was 
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recycled in these experiments, and energy was not recovered from products since the 
solvents are cooled to room temperature prior to mixing with biomass. However, a 
theoretical energy recovery was calculated to simulate the energy savings of recycling the 
heat from the hot solvent back into the liquefaction process. The product yields 
distributions from all recycled cycles are shown in the Supplementary Data (Table S 6-1).  
The trend of HHV of oil produced in these experiments was slightly similar to the trend 
of the oil yield for the recycled acetone runs (Figure 6-4). The zeroth run (pure acetone) can 
be used as the baseline. Higher HHV for the first and second recycle runs may have been 
caused by increased organic conversion. While the amount of biomass was the same for all 
runs, there was more organic content in the recycled run, assuming that volatile organic 
components that were evaporated with acetone during separation were present in the 
solvent. These compounds could have been further degraded in subsequent liquefactions 
into gas phase, or could have affected the reactions within the process [33]. This behaviour 
was observed between first and second run as a minor decrease of oil and SR yield by 
2 wt.% and 0.8 wt.%, respectively while gas and solvent yield increased sharply.  
HHV of the oils in the recycle runs varied slightly, with higher HHVs of oils produced 
using recycled solvents. In addition, a rapid increase was observed for SR and oil yields. This 
could have been due to the declining availability of acetone as a solvent. The organic 
components dissolved in acetone, in the progressively increasing concentrations in the 
recycled solvents might be interfering with the reactions rather than benefiting the process. 
In conjunction with higher HHVs, energy recovery also improved in recycle runs due to the 
energy savings from the elevated temperature of the incoming recycled solvent, decreasing 
additional energy input. The declining energy recovery in repeated recycles was due to the 
decreasing HHV and yield of product oil.  
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Figure 6-4: Effect of solvent recirculation on produced oil yield, HHV and conversion rate.  
 
6.3.3. Various lignocellulosic feedstock applications 
Table 6-3 shows the elemental composition and HHV of feedstock and product oils 
produced at 300 °C. The results demonstrate improvement in the quality of fuel from 
feedstock to bio-crude oil mainly by the increase in carbon content, and decrease in oxygen 
content. These improvements translate into appreciable increases in Higher Heating Value. 
This can be observed for all feedstocks except Arundo donax, where the opposite occurred. 
However, in Section 6.3.1, it was observed that Arundo donax liquefied at 350 °C had 
significantly higher HHV compared with the oil produced at 300 °C. Energy recovery is also 
higher at 350 °C. This confirms results from previous studies that different energy inputs are 
required to achieve optimum product oil quality from liquefaction of different feedstock [6]. 
A recent study by Jablonsky et al. (2013) [28] showed that HHV can be predicted based on 
the carbon content . A comparison between the calculated and measured values revealed 
0.78 – 2.81 % difference (i.e., error). 
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Table 6-3: Elemental composition and HHV of feedstock and product oils from different feedstock. 
 AD Ba BBS PT FS 
Elemental 
composition (%) 
Feed Oil Feed Oil Feed Oil Feed Oil Feed Oil 
C 55.22 35 46.94 53 47.08 50 44.17 43 48.03 49 
H 6.91 4 5.74 6 6.39 5 5.80 5 6.23 6 
N 2.37 0.2 0.47 0.2 2.65 1 4.69 2 0.86 0.2 
O* 35.50 61 46.85 40 43.88 44 45.33 50 44.88 44 
HHV (MJ/kg)** 23.1 20.7 18.6 20.5 19.0 32.1 18.1 31.5 19.2 23.6 
Predicted HHV 
(MJ/kg) 
22.5 --- 19.1 --- 19.1 --- 18.0 --- 19.5 --- 
Error (%) 2.81 --- 2.61 --- 0.75 --- 0.78 --- 1.71 --- 
* calculated by difference 
**HHV of feedstock was calculated using Friedl, et al.[27]; HHV of oil was measured 
 
Figure 6-5 shows the product yield and HHV of liquefaction of the various biomass 
species with acetone as a solvent at 300 °C. Oxygenated compounds and aromatics in the 
bio-crude oil are important parameters, especially in combustion chemistry which cause 
harmful organic compounds in diesel engine exhaust. Hence, considering the bio-crude oil 
quality and improvement of the process efficiency, 300 °C was preferable, and therefore 
used for the rest of the experiments. Our selection is supported also by other study where 
authors found the highest bio-crude oil yield at 300 °C with acetone as a solvent [19]. The oil 
yields varied between 31.5 wt.% (PT) and 62.4 wt.% (BBS), while the SR followed the 
opposite trend. The different biomass didn’t have significant impact on RP yields that were 
in lower ranges (10 wt.% - 14 wt.%) except PT with the highest amount of these products 
(24 wt.%) which may be due to insufficient degradation of high extractives and lignin 
contents in the raw feedstock. Overall, considering the oil yields, the biomass degradation 
efficiency in liquefaction process can be sequenced: BBS > FS > Ba > AD > PT. The correlation 
coefficient was calculated to examine the relationship between structural composition of 
the raw feedstock and product yields (bio-crude and SR). There wasn’t any strong 
correlation, especially between lignin and SR which was in contrast with other studies [6, 
29]. It could be caused by either different ash composition of the feedstocks interacting 
during liquefaction or solvent character. Comparing the HHVs of feedstock and oil, it is clear 
that liquefaction has been successful in producing oil that has greater energy density than 
biomass. Oil produced from banana has the highest HHV among the feedstocks studied, 
with 68 % higher HHV than the feedstock. Bio-crude produced from bagasse had the lowest 
 196 | P a g e  
 
HHV, but still has 10% better HHV than the original feedstock. We can see that for some 
feedstock, i.e. AD, Ba and FS, there is a large quantity of relatively low HHV oil produced. For 
PT, it is the opposite, as there is a low amount of oil produced albeit with a high HHV. 
 
 
Figure 6-5: Product yields dependence on biomass type. 
 
Using ECC and oil yield, the use of the different feedstocks in liquefaction was 
assessed. Figure 6-6 shows how each feedstock performed in liquefaction. The oil yield 
provides an indicator of the quantity of oil that can be produced from a certain biomass 
feedstock. ECC is the composite indicator for quantity and quality of oil. An exceptional 
feedstock, as shown in Figure 6-6, is BBS, which has high yield and HHV. This is further 
confirmed by an ECC of 105%, the only feedstock in the study that adequately concentrated 
the chemical energy in the oil by undergoing liquefaction, generating a product that has 
more total energy than the feedstock. The observed quality and conversion efficiency for 
the various feedstocks can be related to the chemical composition of the feedstock which is 
further discussed in section 6.4. 
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Figure 6-6: Yield and conversion of five different lignocellulosic feedstocks. 
 
In the analysis of the relationship of the chemical make-up of feedstock and the 
product oil, it has been observed that the varying lignin content of the different 
lignocellulosic feedstocks has no linear correlation with the oil HHV or yield (Figure 6-7). 
Although the low lignin BBS produced oil with high HHV, PT with almost three times higher 
lignin content performed similarly. Other feedstock with lignin contents similar to PT were 
converted to oil with varying HHV. The effect on oil yield was also observed to be 
independent of the lignin content. 
 
Figure 6-7: Effect of feedstock lignin content to biocrude high heating value and yield. 
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The Van Krevelen plot (Figure 6-8) summarises the results of the various experiments 
and compares the chemical properties of the oils to reference fuels. It is apparent from the 
figure that there is still an area for improvement in chemical properties of the produced oils 
to be comparable with diesel. H/C values of the oils from A. donax are the lowest, with 
corresponding high O/C values. This was expected due to the rigidity of the feedstock 
structure. The oils which are most comparable to the reference fuels are those from 
Sorghum, Bagasse and Banana. 
 
Figure 6-8: Van Krevelen plot of oils produced with varying temperatures and biomass/solvent 
ratios in HTL of Arundo, and HTL of different feedstock at 300 °C and 1:15 biomass/solvent ratio. 
 
6.4. Chemical characterisation of oil and solid residues 
6.4.1. GC-MS analysis of oils 
The liquefaction oils are a complex of various chemical compounds that are difficult to 
separate effectively by FTIR or GCMS, although this information will provide an insight into 
potential reactions in liquefaction process. The oils obtained at three different temperatures 
and from various biomasses were qualitatively characterised by GCMS. Overall, around 39 
components were detected within 57-92% of total chromatogram area and identified by 
comparing the mass spectra from the NIST database. The identified compounds from the 
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oils are listed in the Table S 6-2 and Table S 6-3 (Supplementary Data) with proportional 
percentage of their peak area to total area. 
According to GCMS analysis the identified components were phenolics, carboxylic 
acids, alcohols, ketones, esters and aromatic compounds, although their abundance was 
greatly affected by temperature. Carboxylic acids, phenolics, and ketones were presented 
most in the oils while ketones rapidly increased; acids and phenolics decreased with 
cumulative temperature. Various types of acids were found in the oils such as short chains 
carboxylic acids and short chain fatty acids. They might be formed from extractives or 
cellulose and hemicellulose components by a complex of degradation reactions [34]. 
However they dropped rapidly from 25% to 1% of total peak area with increasing 
temperatures. It could be caused by breaking down acids into gaseous products like CO2 and 
CH4 at supercritical conditions [35]. Phenolic compounds, mainly 4-ethyl-2-methoxy phenol, 
2.6-dimethoxy phenol and 2-methoxy phenol, are produced by hydrolysis and degradation 
of lignin that is enhanced with the higher solvent density at supercritical conditions. 
Additional increase of temperature led to decrease of phenolics in oils presumably by 
depolymerization of phenolics into gaseous or solids products [33]. Large amount of cyclic 
and aliphatic ketones were observed in the oils at 250 °C, 300 °C and 350 °C that accounted 
for more than 20%, 50% and 70% of total chromatogram area, respectively. The production 
paths for ketones are not straightforward but they could be formed from intermediates 
degraded from lignocellulosic components [35]. The presence of alcohols was minor and 
altered from 250 °C to 300 °C. Only one aldehyde, furfural was observed at 250 °C as a 
product of subsequent degradation of sugars from hemicellulose which is undergoes further 
degradation at higher temperature. Deoxygenation at high temperatures produced a 
negligible amount of alkenes and aromatics.  
Table S 6-3 (Supplementary Data) indicates a diverse chemical composition of the oils 
related to the various chemical compositions of different biomasses. The amount of ketones 
was greatest in each sample except Ba where phenolics were predominant. The reason is 
that Ba contained the lowest percentage of holocellulose among the feedstocks in contrast 
with BBS were prevalent percentage of holocellulose had beneficial effects on the formation 
of the largest amount of ketones. Three short acids were found in two oils with the highest 
peak in AD samples as a consequence of a large amount of sugar components. From alkene 
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group 4-methyl-2-pentene and (Z)-4-methyl-2-pentene were mainly present in Ba and BBS. 
Alcohols and aromatics were detected in minor amounts in most samples. 
6.4.2. FTIR analysis of SR 
The various lignocellulosic compositions among the feedstocks had strong influence 
on the chemical composition of the product oils, which is also closely connected with 
physical properties [36]. Many studies have found that cellulose, hemicellulose, and lignin 
fractions, which are the major components of biomass, behave differently under thermal 
liquefaction conditions [33]. 
FTIR spectrums of AD and SR after liquefaction for three different temperatures are 
compared in Figure S 6-1 (Supplementary Data). The observed functional groups with their 
wavelength were assigned according to the related references [22, 37, 39]. Two sharper 
peaks appeared in the range 2850-2990 cm-1 representing the C-H stretching of CH3, CH2 – 
groups in cellulose and hemicellulose components [22]. However, the intensity of these 
groups in SR was decreasing with the temperature increase due to their decomposition into 
the oil phase. The broad peak between 3200 and 3500 cm-1 corresponded to a combination 
of aliphatic and aromatic O-H, C-H and N-H stretching groups [8]. The most informative 
absorption part of spectrum was at 800-1800 cm-1 which belongs to many different groups. 
Carbonyl groups (C=O stretching) are typically observed from 1650 to 1750 cm-1 and their 
presence was increasing in SR in comparison with raw feedstock due to degradation of 
hemicellulose into sugars [33]. It might indicate that the reaction between AD and acetone 
created insoluble polymers with C=O group. The presence of lignin observed around 
1500 cm-1 and 1600 cm-1 provided the evidence of the lignin fragments at all temperatures 
in SR. The broad intensity in the range of 950 to 1200 cm-1 was occurring as a result of the C-
O bonds in carbohydrates which are presented by any sugars in the samples. In the higher 
temperatures at 300 and 350 °C new vibrations appeared between 690 and 800 cm-1 that 
might be related with the possible occurrence of single polycyclic and substituted aromatic 
groups [35, 37]. 
 
Figure S 6-2 (Supplementary Data) illustrates FTIR spectra of various raw materials 
and their SR derived from the same process conditions (300°C, 30min in N2 atmosphere). 
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The results are showing that O-H and C-H stretching groups decreased in all samples 
whereas almost diminished in FS and Ba. In most of the spectrums of SR (except FS) the 
presence of absorption peaks around 1050 and 1160 cm-1 confirmed that cellulose was not 
liquefied completely. The absorbance of lignin (1230- 1600 cm-1) was mostly present in each 
sample; however, the lower intensity of the vibrations in SR indicated partial degradation. 
All samples obtained C-O stretch vibrations occurring between 1000 -1100 cm-1 due to 
presence of primary and secondary carbohydrates.  
 
6.5. Conclusion 
Overall, liquefaction is demonstrated for a diverse range of biomass. Liquefaction of A. 
donax was investigated using different temperatures (250 °C - 350 °C), solvent recycling 
regimes and biomass : solvent ratio (1:10 - 1:25) for improving the quality and quantity of 
oil. The oil yield was maximized at 350 °C and 1:25 B:S ratio. For liquefaction of different 
feedstock (BBS, Ba, FS and PT) 300°C and 1:15 were employed. BBS had the highest oil yield 
(62 wt.%), followed by other feedstocks in the order: FS > Ba > AD > PT . The first recycle of 
solvent (43% of total solvent) improved HHV by 26 % with the positive effect on energy 
recovery. The varying lignin content across the feedstock used was determined to not be 
correlated with the HHV of oils produced. The GCMS results showed the change in 
distribution and abundance of the compounds (mainly oxygenated) depending on 
temperature and type of biomass. Interestingly, the HHVs didn’t show any strong 
correlation with the structural components of the raw feedstock. Analysis of energy input 
and output of varying conditions and feedstock showed energy requirements and effects to 
HHV of produced oils and yield. This demonstrated the potential for large-scale production 
via liquefaction. 
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6.8 Supplementary material  
 
Table S 6-1: Product yields distribution from various recycled cycles at 300 °C, 1/15 B/S ratio for 
30 min. 
acetone recycling 
runs 
Bio-crude oil yield 
(wt.%)* 
Solid residues yield 
(wt.%)* 
Solvent + gas yield 
(wt.%)* 
zero 44.5 43 12.5 
first 43 39.7 17.3 
second 41 38.9 20.1 
third 35 35.8 29.2 
* wt% of dry basis 
 
 
 
 
 
Figure S 6-1: FTIR spectra of SR liquefied in various temperatures 1- Raw AD, 2- 250 °C, 3- 300 °C, 4- 
350 °C. 
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Table S 6-2: Major compounds from oils produce under various temperatures. 
No. RT 
(min) 
Chemical compound name Area (%) 
250 °C 300 °C 350 °C 
1 2.47 3-Penten-2-one - - 3.6 
2 2.58 4-Methyl-4-penten-2-one - 4.00 5.24 
3 2.73 Oxalic acid, allyl isobutyl ester 1.89 - - 
4 3.01 (Z)- 4-methyl-2-Pentene 3.77 - 1.04 
5 3.06 4-methyl-3-Penten-2-one - 7.97 35.72 
6 3.4 Methacrylic acid, ethyl ester 2.96 - 0.59 
7 3.5 Furfural 4.47 - - 
8 3.63 2-methyl-2-hexanol  - 1.16 - 
9 3.77 2-Furanmethanol 8.98 - - 
10 3.96 2-Oxopropanoic acid, ethyl ester 1.13 - - 
11 4.07 5-methyl-5-Hexen-2-one - 1.46 - 
12 4.41 3-methyl-3-Hexen-2-one - - 1.18 
13 4.64 4-Hydroxybutanoic acid  - 1.23 - 
14 4.87 2,5-Hexanedione 2.94 6.7 3.02 
15 5.19 2-(1-hydroxy-1-methyl-2-oxopropyl)-2,5-dimethylfuran-3(2H)-one 2.57 2.17 - 
16 5.53 1,2,5-trimethyl-Benzene  - 1.95 6.69 
17 5.66 Phenol - 1.5 1.1 
18 6.12 2-Methylpropanoic acid anhydride - 1.17 - 
19 6.4 3,6-Heptanedione 13.87 7.82 2.5 
20 6.63 4-Hydroxy-2-methylbutanoic acid 18.48 6.84 1.56 
21 6.66 3-Methyl-2-cyclopenten-1-one - 2.95 - 
22 7.19 (3Z,5E)-2,7-Dimethyl-3,5-octadiene 4.75 3.93  
23 7.48 2-Methoxyphenol  5.38 1.32 2.17 
24 7.71 3,5-Dimethyl-2-cyclohexen-1-one  - - 3.47 
25 7.81 2,6-Dimethyl-2,5-heptadien-4-one - 2.17 2.54 
26 8.01 3,5,5-Trimethyl-2-cyclohexen-1-ol - - 3.18 
27 8.65 4-Ethylphenol 5.14 8.2 5.34 
28 8.96 2-Acetonylcyclopentanone - 2.73 - 
29 9.02 4-(2-Furyl)-3-buten-2-one 3.69 1.52 - 
30 9.13 3-Ethoxyphenol - 3.3 1.57 
31 9.45 2,3-Dihydrobenzofurane 3.8 - - 
32 10.44 4-Ethyl-2-methoxyphenol 9.19 8.07 3.04 
33 10.98 2-Methoxy-4-vinylphenol 1.41 - - 
34 11.49 2,6-Dimethoxyphenol 5.61 1.54 1.65 
35 12.07 4-Acetylphenol - 1.48 - 
36 12.9 2-Methoxy-4-propenylphenol 1.18 - - 
37 13.9 5-tert-Butylpyrogallol - 1.1 - 
Total  96.46 78.69 92.95 
- Not detected or peak area less than 1% of total area. 
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Table S 6-3: Major compounds from oils produce from different biomasses. 
No. RT 
(min) 
Chemical compound name Area (%) 
AD Ba BBS FS PT 
1 2.58 4-Methyl-4-penten-2-one 4 - 3.57 1.85 - 
2 3.01 4-Methyl-2-pentene,  5.32 4.64 1.36 3.24 - 
3 3.06 4-Methyl-3-penten-2-one,  7.97 - 25.03 12.08 45.2 
4 3.4 (Z)- 4-methyl-2-Pentene - 4.69 2.89  1.86 
5 3.63 2-Methyl-   2-hexanol,  1.16 - - - - 
6 3.77 2-Furanmethanol - 4.55 - - - 
7 4.64 4-Hydroxybutanoic acid 1.23 - - - - 
8 4.72 2,3,4,5-Tetramethyl-2-cyclopenten-1-one - 1.05 - - - 
9 4.85 2,5-Hexanedione 6.7 8.94 - 4.93 2.59 
10 5.02 D-(+)-1,2-Isopropylideneglycerol - - - 4.91 - 
11 5.18 2-(1-hydroxy-1-methyl-2-oxopropyl)-2,5-
dimethylfuran-3(2H)-one 
2.17 3.12 - 1.22 1.21 
12 5.46 3-Methyl-2-cyclopenten-1-one  - 5.3 - 1.09 - 
13 5.53 1,2,5-trimethyl-Benzene 1.95 - 2.51 - - 
14 5.66 Phenol 1.5 1.52 1.12 - 2.96 
15 6.12 2-Methylpropanoic acid anhydride 1.17 - - - - 
16 6.4 3,6-Heptanedione 7.82 12.22 - 4.41 2.29 
17 6.63 4-Hydroxy-2-methylbutanoic acid 6.84 7.74 - 3.18 5.97 
18 6.66 2,3-Dimethyl-2-cyclopenten-1-one - - 4.39 - 3.92 
19 6.95 3-Methyl-2-cyclohexen-1-one - - 1.78 - - 
20 7.19 (3Z,5E)-2,7-Dimethyl-3,5-octadiene 4.75 - 4.35 - 2.18 
21 7.48 2-Methoxyphenol  5.38 2.48 1.02 1.03 2.45 
22 7.66 3,3-Dimethyl-4,5-heptadien-2-one - - 2.51 - - 
23 7.71 3,5-Dimethyl-2-cyclohexen-1-one - - 4.95 - 1.6 
24 7.81 2,6-Dimethyl-2,5-heptadien-4-one 2.17 1.42 6.14 - 3.01 
25 8.01 3,5,5-Trimethyl-2-cyclohexene-1-one - - 18.88 - - 
26 8.66 4-Ethylphenol 8.2 20.1 - 2.32 4.17 
27 8.69 2,3-dimethylphenol - - 1.04 - - 
28 8.98 2-Acetonylcyclopentanone 2.73 - - 1.37 1.13 
29 9.02 4-(2-Furyl)-3-buten-2-one 1.52 1.74 - - - 
30 9.13 3-Ethoxyphenol 3.3 1.63 - - - 
31 9.88 3-Acetonyl-cyclopentanone - 1.19 - - - 
32 9.95 4-(1-Methylethyl)-2-cyclohexen-1-one - 2.08 - - - 
33 10.16 1-Isopropyl-4-methyl-1,4-cyclohexadiene - - 1.3 - - 
34 10.46 4-Ethyl-2-methoxyphenol 8.07 9.35 - 1.88 1.84 
35 11.5 2,6-Dimethoxyphenol 5.61 2.34 - - - 
36 11.07 Hexadecanoic acid (2-pentadecyl-1,3-
dioxolan-4-yl)methyl ester 
- - 15.12 - - 
37 12.07 4-Acetylphenol 1.48 - - - - 
38 13.25 2,3-Dihydro-5,7-dimethyl-1H-Inden-1-one - - 1.23 - - 
39 13.9 5-tert-Butylpyrogallol 1.1 - - - - 
Total 86.82 89.24 94.89 50.75 91.62 
- Not detected or peak area less than 1% of total area. 
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a) 
 
b) 
 
c) 
 
d) 
 
e) 
 
Figure S 6-2: FTIR spectra of raw feedstock and SR for various biomasses a) AD, b) Ba, c) BBS, d) FS, 
e) PT. 
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Chapter 7 
Conclusions 
 
Producing biofuels sustainably is critical for mitigating global warming and improving 
national security for Australia and across the world. It is clear 1st generation feedstocks from 
edible sources will struggle to meet these challenges. A comprehensive assessment to 
identify and map the potential existing biomass was undertaken to identify biomass options 
and infrastructure in Australia [1, 2]. Various types of biomass were taken into 
consideration, especially industrial wastes and residues that disposed of or burned without 
a significant value (2nd generation feedstocks) [3-5], as well as microalgae (3rd generation 
feedstock) which doesn’t require arable land [3]. 
The conversion technology for processing biomass into bio-fuels should provide 
continual production. This could be achieved with thermochemical liquefaction which is able 
to break down diverse feedstocks [6]. Lignocellulosic biomass such as wastes, residues, and 
dedicated crops were identified as potential renewable second generation feedstocks. 
Recently, microalgae have significant potential for green energy owing to its high growth 
rates. Currently, knowledge about liquefaction and the influence of the process conditions 
on physical and chemical properties of the bio-crude oil is limited, particularly using large 
scale reactors and some high potential Australian feedstocks. Detailed research into 
conversion of a broad range of feedstocks to viable biofuels through efficient 
thermochemical liquefaction needs addressing.  
This PhD has contributed to the development of large scale thermochemical 
liquefaction system for biofuel production. The literature review provided in this thesis 
explores biomass resources scenario for biofuel production in Australia in the context of this 
state-of- the-art technology. The experimental investigation brought insight into the effect 
of process parameters on bio-crude oil yield as well as improving the quality via parameters 
such as S/B ratio, solvent, temperature and so on. The detailed physical and chemical 
characterisation of all the produced samples, which are rarely provided in other TLC studies, 
revealed the similarity of the bio-crude oils with heavy oils. Importantly, the results of this 
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study successfully generated various bio-crude oils comparable with heavy oil from 
numerous feedstocks by changing only process conditions in pilot-scale. Finally, this is first 
study observing aging stability of liquefied 2nd generation bio-crude oils in three different 
storage environments (accelerating +43 °C, cold conditions 4 °C and real condition). 
The experimental results showed further upgrading is required generate biofuel comparable 
with conventional biodiesel. The upgrading processes should focus on the decrease of 
viscosity, oxygen number, nitrogen number in microalgae case and the increase of HHV. 
 
7.1 Conclusions and significances arising from experimental studies 
The prospective lignocellulosic and algae resources in all regions of Australia were 
studied in the first manuscript (chapter 3). This study conducted a detailed mapping activity 
via a raster graphic program based on a large database collected from various industries, 
technical reports, available literature and governments’ statistics. The results pointed 
towards a significant opportunity for 2nd generation biofuel production along the east coast 
of Australia considering the availability of arable land and suitable climate. Algae regions 
have more potential in warmer and non-arable areas, particularly in Western Australia and 
the Northern Territory. Furthermore, as Australia is a vast country with various climatic 
zones due to its size, the country was used as a microcosm in this study which allows the 
results to be extended to other countries with similar climates. This comprehensive 
manuscript paved the way for selecting the most suitable feedstocks for bio-fuel production 
in subsequent experiments. 
The bio-crude production of common freshwater microalgae Scenedesmus sp. in 
Australia through HTL was experimentally examined in the second manuscript (chapter4). 
Various parameters were studied to optimize the process conditions, namely temperature 
(280 °C, 300 °C and 350 °C), solids concentration (15%, 25% and 30% by weight) in the slurry 
feed. The highest bio-crude oil yield (33.6%) and HHV (29.79 MJ/kg) was produced at 350 °C 
for 60 min, 25% solids in the slurry and a nitrogen atmosphere. Moreover, the qualitative 
and quantitative changes were monitored using two solvents (polar: dichloromethane- DCM 
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and non-polar: n-hexane) in the separation step which was shown to be important. The bio-
crude oil yield varied from 33.6 wt.% with DCM to 31.2 wt.% with , n-hexane under the 
same conditions. This paper brought detailed chemical-physical insight and found that the 
properties, namely HHV, viscosity and oxygenated compounds, could be improved with the 
experimental conditions. The produced bio-crude had viscosity (3.61-3.37 mm2.s-1) closer to 
diesel than transesterified microalgae. However, the chemical composition of all bio-crude 
oil samples showed mostly nitrogenated, aromatic, hetero-cyclic and oxygenated 
compounds. Many previous studies focussed on the yield of bio-crude oil whereas this 
paper showed the significance of the chemical and physical analysis. The quality of the 
produced bio-crude is not comparable with commercial diesel or FAME biodiesel, but close 
to heavy oil, especially viscosity. In conclusion, the process improvements could lead to bio-
crude oils which are suitable for heavy duty diesel engines.  
The earlier review of feedstocks revealed that lignocellulosic materials (particularly 
bagasse) have the most potential as bio-fuel feedstocks on the east coast of Australia, 
especially in Queensland. For this reason, sugarcane bagasse was subjected to the next 
experimental study. 
The third manuscript (chapter 5) investigated the production of bio-crude oil from 
renewable sources via liquefaction. This pilot scale study compared water, renewable 
mono-solvents (ethanol, black liquor (BL) - waste from the paper industry) and co-solvents 
(water/ethanol, ethanol/BL) at various concentrations (5%, 50% and 95%) as solvents at 
300 °C. The influence of various temperatures (250 °C, 300 °C and 350 °C) on bio-crude oil 
was also investigated. Detailed chemical-physical properties were analysed for each sample 
to elucidate the changes with the reaction conditions. The pure black liquor resulted in the 
highest yield of bio-crude oil (61%) at 300 °C due to the additional organics present in the 
solvent and its alkaline character serving as a catalyst. The optimum HHV (27.51 MJ/kg) was 
achieved with a black liquor and ethanol mixture (50:50). Increasing temperature allowed 
for more carbon and hydrogen to be converted from lignocellulosic materials into 
compounds in bio-crude oil, therefore increasing oil HHV (30 MJ/kg at 350 °C) and yield 
(55.4 wt.% at 350 °C). The bio-crude oils were composed predominantly of various types of 
oxygenated compounds such as esters, alcohols and phenols and also a few aromatics and 
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heterocyclics. Overall, this paper showed improvement in elemental analysis of the bio-
crude oil as well as HHV in comparison with other studies. Furthermore, this study showed 
that black liquor can be used as a catalyst in the conversion system due to its alkaline 
character and the presence of additional organic residues. 
To prove the capability of the thermal liquefaction to convert a diverse range of 
feedstocks; five quite different types of lignocellulosic biomasses were studied at 
supercritical conditions (acetone was used as a solvent) in the fourth manuscript 
(chapter 6). The main focus of this work was to evaluate thermal liquefaction by assessing 
energy conversion efficiency which is closely related to the HHV. Moreover, the 
optimisation of temperature (250 °C-350 °C) and solvent/biomass (S/B) ratios were 
examined through Arundo donax (AD) as it was readily available. The bio-crude oil yield 
increased with temperature and the B/S ratio increased with a maximum yield at 47.3 wt.% 
(350 °C) and 50.5 wt.% (1/25). The bio-crude oil yield (at 300 °C and 1:15 B/S ratio) reached 
the maximum with banana bunch stems (BBS) followed by other feedstocks in the order: 
Forage sorghum (FS) > Bagasse (Ba) > (AD) > Pineapple tops (PT). However, from the energy 
conversion efficiency perspective the feedstocks ranked subsequently: BBS >FS >Ba >PT 
>AD. Another important priority was reduction of solvent wastes and cost whereupon 
recycling and reusing of the solvent in the system was applied in an environmentally-
responsible manner. When solvent was recycled, the first two recycles (comprised of 43% of 
total solvent) did not alter the bio-crude oil yield significantly, while pure recycled solvent 
suppressed the yield. It could be explained by further degradation of volatile organic 
components trapped in the solvent during the separation step into the gas phase. The 
chemical composition showed the change in distribution and abundance of the compounds 
(mainly oxygenated) depending on the temperature and type of biomass. Knowing the 
detailed physical and chemical properties of the bio-crude oil is helpful for selecting and 
designing the appropriate upgrading process. This study showed a beneficial feasibility for 
implementing optimized conditions for diverse feedstocks to sufficient bio-crude oil 
production that could provide continuous production security by mixing various 2nd 
generation feedstocks. The analyses of the energy efficiency, included not only energy 
output but also energy input, has revealed the possibility of supercritical liquefaction in 
large scale. 
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Apart from the production of the bio-crude oil, it is important to study their oxidative 
and thermal degradation behaviour to be able to choose the right additives and set up 
storage condition to prolong their lifespan. The earlier experimental work provided basis for 
selecting the renewable bio-crude oil. The stability of a commercial diesel as a reference, a 
commercial FAME biodiesel (B100 and B20 blend) and pure bagasse bio-crude oil was 
investigated under three different storage environments. The storage locations simulated 
extreme temperatures (+43 °C and -4 °C) and real outdoor weather conditions. The data 
analyses from this long-term experiment (24 weeks) are in the preparatory stage.  
 
7.2 Recommendations for future research 
At the beginning of this thesis, the regional availability of biomass in Australia was 
investigated. A future study should evaluate the economics of viable feedstocks for biofuel 
production in order to determine the best possible cost scenarios (i.e. in the logistic steps). 
This financial analysis could provide a baseline for the feedstock price for conversion of 
wastes and residues. Furthermore, techno-economic investigation should establish the most 
feasible conversion process and assess the alternative pathways for co-product production. 
It would include developing a process model in some of the well-established process 
engineering simulation programs such as ASPEN for optimising process conditions, mass and 
energy balances as well as the upgrading and separation processes. The outcomes of these 
assessments are beneficial for future commercialisation of biofuel production, improving 
the rural economy, national security as well as informing the final consumers.  
The experiments in this work confirmed that large scale liquefaction is a viable option 
for biofuel production from a technical perspective. However, expected high capital costs 
will likely require large amount of biomass from a financial perspective. Future experiments 
should focus on options that will provide large quantities for continuous bio-crude oil 
production. TLC is highly feedstock tolerant and so combinations of feedstock need 
investigating. However, the structural composition of the feedstock influences the 
composition of the final products. So far there are no data about using blends of 2nd and 3rd 
generation feedstocks in TLC system. This step will be necessary for the future bio-fuel 
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production to be able to cover the increasing fuel demand by developing multiple feed 
production system.    
Many process parameters have been explored during this study. Each process 
parameters had a specific influence on the physical and chemical properties of the bio-crude 
oil. It would be significant to extend this work and combine the modified process conditions 
with an appropriate catalyst in order to attain desirable bio-crude properties to be more 
comparable with diesel. The suggested catalysts are zeolites that have previously been 
shown to be remarkably efficient, especially in the petroleum industry. The knowledge 
about these porous positively-charged materials could be advantageous in order to 
selectively change the cationic sites in favour of the upgrading reactions.  This would allow 
combining two steps of the process system into one which would reduce processing 
requirements.  
Undoubtedly, closing the loop for biofuel production by liquefaction requires more 
research at the pilot scale. The detailed information about the bio-crude oil is becoming 
better understood. However, a comprehensive study of mass and energy balances on the 
gas and solvent phases deserve more attention. Chemical characterisation of these 
separated fractions is also essential to understand the whole process pathways. All this 
information could be used to analyse the possibility of high value co-products that can 
compete with fossil based market and to increase the overall profitability of the process. It 
would also assist to design processes recycling and reusing wastes and residues for biofuel 
production. Additionally, the results would help to construct the model of a continuous 
liquefaction system to generate enough data to inform the techno-economic analysis.  
The QUT large scale reactor has high maintenance requirements due to its large size, 
high pressure and the large number of seals. Despite it being acquired in January 2013, 
experiments were problematic and frequently suspended during candidature. 
Commissioning was challenging and the reactor had several structural failures putting it out 
of service for long periods. Consequently, an achievement of the last proposed objective 
was not performed and remains unfulfilled. It was hoped to produce adequate volume of 
the bio-crude oil using the best conditions from laboratory studies and subsequently 
perform engine testing in the QUT Biofuel Engine Research Facility (BERF). It would be the 
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first publically reported investigation of engine performance and emissions from 
liquefaction derived bio-crude oils. This would enable the mechanism of combustion 
generated volatile organic compounds formation to be observed and would provide 
considerable insight into the impact of renewable fuel blends in diesel vehicles. Moreover, 
commercial diesel could be used directly as a solvent for bio-crude recovering in the 
separation step. Theoretically, this would decrease the viscosity of the oil to an acceptable 
level and directly form blends. Moreover, the previous experiments illustrated 
(qualitatively) that the bio-crude oils more closely resemble heavy oils, especially by 
viscosity. This indicates the possibility of testing these bio-crude oils directly in cargo or 
aviation engines which has not been performed before. In addition, this work would shed 
light on validating the bio-crude oils based on engine performance and environmental 
compatibility (i.e. emissions profile). This work would identify whether the combustion of 
TLC bio-crude oils triggers more harmful pollution into the environment than conventional 
diesel. The results would also provide a baseline for initializing new biofuel emission 
standards and their blending mandate applicable on aviation, cargo and personal vehicle 
engines (on-road and especially off-road) which is indispensable.  
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